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THEME 


In  1973,  the  16th  Guidance  and  Control  Panel  Symposium  on  Precision  Delivery 
Systems  was  held  at  Eglin  Air  Force  Base,  Florida.  USA.  Many  important  advances  in 
guidance  sensor  technology,  control  system  implementation  and  overall  missile  design  have 
taken  place  since  that  time. 

It  was  timely,  therefore,  to  hold  a  symposium  in  19S0  on  Tactical  Air-Launched  Guided 
Weapons.  The  symposium  treated  both  air-to-air  and  air-to-surface  missile  systems  with 
emphasis  on  guidance  and  control  technology  and  its  impact  over  the  recent  years. 
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SUMMARY 

Since  the  inception  of  the  laser  semiactive  terminal  homing  concept  in 
the  early  1960's,  much  subsystem  and  system  hardware  development  was  required 
to  make  the  idea  feasible  for  laser  guided  antitank  missiles.  Most  of  the 
effort  was  concentrated  in  the  development  of  "low  cost"  seekers,  reliable 
laser  designators,  and  test  programs  to  validate  the  feasibility  and  accuracy 
of  the  concept.  In  the  mid  1960's  the  US  Air  Force  demonstrated  the  capa¬ 
bility  of  this  combination  for  bombing  with  surgical  precision  which  made 
prime  time  news  in  the  latter  days  of  the  Vietnam  War.  Since  that  time,  much 
Tri-Service  effort  has  been  concentrated  on  the  development  of  systems  for 
semiactive  laser  terminal  guidance  for  armored  point  targets.  This  paper 
concentrates  primarily  or  the  US  Army  Missile  Command's  technology  base  for 
development  of  the  precisian  pointing  and  tracking  or  fire  control  for  laser 
guidance.  General  >-0quir(.,  ants  are  transformed  into  specific  design  param¬ 
eters  for  target  acquisition  and  designation;  technology  hardware  and 
performance  are  described. 

A  new  target  designation  performance  evaluation  method,  developed  out  of 
a  specific  need  to  handle  large  quantities  of  data,  is  discussed. 


INTRODUCTION 

The  fire  control  for  Inter  semiactive  guidance  encompasses  all  the  functions  required  to  find  targets, 
track  targets,  precisely  point  flic  laser  designator  at  the  target  prior  to  and  during  missile  flight,  and 
to  assess  the  damage  following  target  engagement. 

Target  acquisition  capability  is  highly  dependent  on  target,  scene,  atmospheric,  and  system  character¬ 
istics.  Primary  targets  under  consideration  are  hard  armor,  tank-type  targets  which  could  be  situated  in 
a  highly  cluttered  environment.  This  type  of  target  will  offer  a  low  target  to  background  contrast  signa¬ 
ture.  Also,  target  engagement  could  occur  during  limited  atmospheric  visibility  caused  by  haze,  fog,  or 
obscurants  which  might  be  introduced  in  a  typical  battlefield  environment.  Engagement  could  occur  either 
during  day  or  night  time.  The  problem  is  compounded  by  the  fact  that  this  engagement  will  take  place  from 
a  helicopter  flying  low  altitude  nap-of-enrth.  Low  altitude  target  acquisition  introduces  its  own  peculiar 
set  of  problems  In  that  the  sensor  viewing  longitudinal  footprint  tends  to  infinity,  and  all  the  target  and 
scene  information  is  compressed  in  the  display  in  the  vertical  direction.  The  small  size  target,  the  low 
targe t-to-background  signature,  the  high  atmospheric  attenuation,  and  low  altitude  viewing  angle  all  tend 
to  make  target  detection  a  very  difficult  task. 

Target  designation  performance  is  more  system  dependent  than  acquisition.  A  measure  of  designation 
performance  is  the  ability  to  point  and  maintain  a  laser  spot  on  a  vulnerable  predetermined  target  hit 
point  to  insure  maximum  kill  probability.  The  pointing  precision  of  a  narrow  loser  beam  Is  dependent  on 
how  well  the  operator  can  perceive  the  desired  target  hit  point,  the  viewing  sensors  apparent  magnification, 
the  operator's  or  machine's  ability  to  track  the  target,  the  colinearity  or  boresight  between  the  laser  and 
viewing  sensor,  the  intervening  atmosphere,  and  the  stabilizing  qualities  of  the  sight.  The  fact  that 
target  acquisition  and  precision  designation  must  be  accomplished  in  a  helicopter  vibrational  environment 
makes  the  design  tasks  far  more  difficult.  The  nature  of  the  helicopter  vibrational  spectrum  Is  primarily 
deterministic  driven  by  the  well-regulated  main  rotor  frequency.  The  knowledge  of  both  periodic  transla¬ 
tional  and  angular  vibrational  accelerations  at  the  electro-optical  stabilized  sight  mounting  location  is 
helpful  to  the  servo  designer,  but  the  large  amplitudes  of  the  vibrations  strain  the  ingenuity  of  the 
servo  designer  aud  the  state-of-the-art  of  Lheorctlcal  and  mechanical  stabilized  sight  design. 


REQUIREMENTS 

Qualitative  oiieratlon.il  requirements  must  lie  transformed  into  qnant  1 1  n  1 1  ve  values  to  provide  the 
system  designer  a  starting  point.  Target  acquisition  qualitatively  Involves  finding  and  determining  that 
an  object  Is  an  cngagal- 1  e  target  from  n  given  range  wltliln  specified  target,  scene,  and  atmospheric 
rlt. tract  er  I  st  ics .  The  acquisition  process  Involves  searching  a  target  sector,  detecting,,  and  recognizing 
military  t  argots . 


TARGET  ACQUISITION 


Recognition  is  a  'evcl  of  discrimination  between  specific  objerts  in  a  class  of  similar  obje~ts.  The 
class  ol  objects  may  be  all  vehicles  of  military  interest.  The  specific  objects  arc  tanks,  personnel 
carrier^,  trucks,  etc.  The  difficulty  of  the  diacr imination  level  varies  with  the  amount  of  detail  needed 
to  make  a  distinction  between  targets,  which  in  turn  is  a  function  of  the  number  of  objects  In  the  class 
and  the  similarity  of  the  objects.  In  typical  Army  surface-to-surface  scenarios,  the  discrimination 
usually  varies  with  respect  to  the  front,  side,  or  three-quarters  viewing  aspect.  The  following  approach 
to  recognition  performance  is  based  upon  a  concept  originally  proposed  by  Johnson  From  the  US  Arr.v  Night 
VisLon  Laboratory,  This  method  assumes  taut  target  rccogni lion  probability  is  a  function  of  the  number 
oi  bar  pattern  cycles  whicu  can  be  resolved  across  the  minimum  target  dimension.  This  "tirg-t  equivalent" 
bar  pattern  is  one  who&e  bars  have  a  visual  contrast  or  temperature  difference  equal  to  that  of  the  target 
to  ^ts  background.  The  relationship  between  probability  of  recognition,  PR,  and  the  number  of  resolution 

eye l*-y,  I  ,  must  bo  dotenvined  on  the  basis  of  field  experimentation.  Empirical  data,  sensitive  to  the 
aspect  or  azimuth  with  which  tin-  target  is  viewed  are  shown  in  Tabic  1. 

Detection  is  a  lower  order  discrimination  than  recognition  T t  is  defined  as  the  de terminal for  that 
a  p-teeivej  object  is  potentially  of  military  interest,  A  contrasting  object  Is  singled  our  for  closer 
scrutiny  when  it  is  detected.  Object  motion,  dust,  guntlash,  or  smoke  provide  additional  cues  for  target 
detection  and  significantly  increase  the  probability  and  decrease  the  time  to  detect.  Whatever  the  reason, 
detection  occurs  when  the  observer's  attention  is  called  to  a  particular  object  of  potential  military 
value.  The  ability  to  detect  a  targe*  in  a  cluttered  background  requires  a  low-order  recognition  capability 
A  high  level  of  Jclnii  is  needed  to  separate  the  target  from  the  background  if  the  background  clutter  has 
a  high  degree  ot  structure.  Field  experience  demonstrates  that  for  general  medium  to  lew  clutter  apprnxi- 
—I'.vly  one  quarter  of  the  resolution  is  needed  for  defection  a*-*  for  r  «_-^nition  ^3  to  A  cycle'*  inquired). 
:ablc  2  gives  such  a  relationship  between  detection  probability  and  number  ot  across  the  target 

critical  dimension. 
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For  quantifiable  purposes,  the  equivalent  target  can  be  defined  as  a  flat  board,  perpendicular  to  the 
viewing  sensers  linc-ot-sigiu  (LCS) .  The  target  board  size  should  be  comparable  to  the  minimum  target 
dimension,  approximately  2.3  x  2.3  r.  The  targets  contrast  between  adjacent  bars  (a  line  pair)  can  be 
specified  consistent  with  the  rarget-to-background  contrast  in  the  spectral  region  of  the  viewing  sensor 
for  the  specified  military  target.  For  sensors  in  the  visual  or  near  infrared  spectrum,  the  contrast  can 
be  defined  as  use  ratio  of  the  target,  and  background,  reflectivities 


or  by  the  ratio  of  the  target  and  background  temperatures  for  tar  infrared  viewing  sensors.  Target  motion 
doer,  not  significantly  alien  tl.e  probability  of  recognition  to  :':ic  extent  that  various  aspects  of 

the  target  may  be  viewed  providing  more  information  for  recognition. 

The  viewing  sensors  contrast  as  perceived  at  the  aportnre  is  determined  by  the  illumination  level 
incident  on  the  viewed  target,  the  target  and  background  reflectivities,  and  the  contrail  losses  in  the 
atmosphere.  Contrast  losses  or  at t--nu.v.  ion  through  the  .itnospiiere  between  the  target  and  ti-.c*  sensor 
aperture  nr.  be  defined  :n  terms  of  visibility  and  sky-t  o-rreur.d  ratio.  Tin.  at r.csphe r i c  visibility  for 
.i  given  day  tc  lear ,  1.n:*e,  le-gl  can  !*>  ij  p  r,»x  ima  U  1  v  defines  as  tL*.  range  .it  which  or.e  can  per-'' -ive  a  2> 
rertrasl  target  tbi.it  is  not  size  liir.itcd.  The  sky- 1  e-ground  rati"',  !l,  is  just  the  ratio  ol  the  brightness 
u:’  the  sky  and  ground.  Vneti  viewing  a  target  from  low  altitudes  with  a  bright  sly  (high  sky- to-bnckg round 
ratio)  ir.  the  scene,  significant  contrast  ;s  lost  and  the  target  i ..  difficult  to  discern.  The  contras! 
los 8  due  to  thu  aLr.ospiierc  can  be  expressed  as 
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where  Cq  is  the  targe t-to-background  contrast  at  the  target  location  or  zero  range ,  C  is  the  target-to- 

background  contrast  at  the  sensor  aperture  and  T  is  the  atmospheric  transmittance,  an  exponential  function 
of  range  to  target. 

Loss  of  targe t-to-background  contrast  significantly  degrades  target  detection  and  recognition,  whereas 
resolution  loss  through  the  atmosphere  primarily  degrades  target  recognition.  The  primary  cause  of  reso¬ 
lution  loss  is  due  to  turbulence.  The  strength  of  turbulence  is  defined  in  terms  of  a  refractive  index 
2 

structure  function,  ,  which  is  a  strong  function  of  time  of  day,  atmospheric  temperature  profile,  and 

a  weaker  function  of  atmospheric  pressure  and  humidity.  Experimental  results  with  electro-optical  systems 
indicate  that  the  effects  of  turbulence  are  quite  severe  at  ground  level  and  quickly  decrease  with  altitude 
of  the  sensor.  High  quality  LOS  stabilization  is  essential  to  good  image  resolution  and  target  recognition. 

A  typical  three  spectral  system  diagram  along  with  performance  measurement  quantities  is  shown  in 
Eigure  1.  It  presents  the  points  discussed  previously  in  this  section  concerning  detection/recognition 
criteria;  target  size,  contrast,  and  motion;  illumination;  and  atmospheric  contrast  and  resolution  losses. 
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Figure  1.  Characterization  of  target  acquisition  requirement. 


TARGET  DESIGNATION 


Tire  target  designation  requirement  is  totally  defined  by  the  behavior  of  the  laser  spot  on  the  ta  g 
required  by  the  missile  system.  In  order  to  meet  the  probability  of  hit  specified  by  the  missile  syste 
designers,  the  later  spot  which  the  missile  is  guiding  on  must  exhibit  certain  characteristics.  **  ®  » 
the  spot  must  be  placed  on  a  vulnerable  location  on  the  tank.  This  requires  that  the  target  design 
operator,  detect  and  recognize  the  target,  place  the  aimpoint  reticle  on  the  desired  hit  point,  and  maintain 
it  on  the  hit  point  during  the  duration  of  missile  flight.  Elect 'o-optical  designators  “a"a^ 

have  an  automatic  tracker  feature  which  allows  the  operator  to  lock-on  and  automatically  track  the  targe 
irrespective  of  motion  as  long  as  the  target  is  visible  through  the  viewing  system.  The  operator  then  has 
the  capability  to  minutely  perturbate  the  LOS  (reticle  crosshair)  to  achieve  better  «“ckln8  than  provid 
by  the  autotrlcker  alone.  This  is  especially  required  for  nonsymmetrical  targets.  The  process  of 
selecting  and  placing  the  reticle  on  the  desired  target  hit  point  by  the  operator  involves  some  inherent 
aiming  error.  The  instantaneous  alignment  between  the  laser  beam  and  the  electro-optical  viewing  an 
must  be  adjustable  to  compensate  for  manufacturing  tolerances  and  drift.  The  method  of  adjusting  the 
alignment  or  boresight  procedure  has  some  inherent  error.  The  alignment  is  also  susce ptible  to  «ue 

to  structural  drift  caused  by  temperature  changes  and  gradients.  This  type  of  f£  '  le 

the  most  part,  be  considered  slowly  varying  with  time  with  respect  to  the  time  required  for  a 
flight  toPtarget.  Both  the  boresighting  procedure  error  and  the  boresight  drift  can  be  combined  a 
labeled  boresfght  error.  The  aiming  error  and  boresight  error  in  well-designed  target  and 

designation  systems  will  generally  vary  slowly  with  time  to  the  extent  that  they  can  be  considered  time 
invariant  over  the  Abort  time  of  missile  flight  to  target. 

Equally  Important  as  the  steady-state  aiming  and  boresight  error  are  the  "'°"*nofe8e 

errors  are  generally  induced  into  the  stabilized  sight  by  helicopter  vibration  which  the  sight  in 
able  to  stabilize  out  completely,  such  as  Impulses  caused  by  onboard  gunfire  blast  pressure  or  mt  .h 
shock  transmitted  through  the  airframe,  man-induced  motion  into  the  tracking,  or  just  poor  se  vo  o 
Stic  tracker  design.  These  time  varying  stabilization  and  tracking  errors  range  from  tenths  of  a  Hertz 
rn  nn(1  100  Atmospheric  turbulence  can  also  have  an  affect  on  boom  motion.  There  is  some  rational 

for^pec traliy  sepnrctlng^thls  error  into  stabilization  and  tracking  error  since  tho  jutosst  c  tracker  and 
any  errors  induced  by  the  operator  would  be  ’ov  frequency,  generally  below  3  Hz.  Further  definition  ot 
the  error  categories  is  contained  later  in  this  paper. 
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errorT!^kf!mdri"f't?C?  T*  borcsl8ht  error  combined  with  the  time  varying  stabilization  and  tracking 

cnor  make  up  the  total  pointing  error.  Tills  total  pointing  of  the  laser  beam,  coupled  with  the  diver- 

fwell°d  T  br*  iS  What  8uides  Che  mla3lle  to  tar8et  and  ultimately  determines  the  performance  of 

Fleurn  ?  1Sned  3ystem-  Characterization  of  a  typical  precision  pointing  Bystem  is  shown  in 

gu  e  Z.  More  will  bo  discussed  on  overall  pointing  errors  and  their  measurements  later  in  the  paper. 
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Figure  2.  Character i  zat  ion  of  target,  designation  requirements. 


TECHNOLOGY  HARDWARE  DEVELOPMENT 

The  launch  and  guidance  of  laser  semiactive  missiles  from  helicopter  platforms'  to  destroy  hard  armor 
at  extended  ranges  is  an  extremely  difficult  task  which  pushed  the  statc-of-art  in  many  areas.  The 
successful  accomplishment  of  this  task  depends  on  both  the  laser  seeking  missile  system  and  the  target 
acquisition  and  laser  designation  system.  The  burden  of  accuracy,  however,  falls  squarely  on  the  quality 
of  designation.  The  target  acquisition  and  designation  system  is  composed  of  subsystems  whose  design  and 
development  cross  many  technological  areas.  As  shown  in  Figures  1  and  2,  the  laser,  long  focal  length 
optics,  television,  and  night  vision  subsystems  must  all  be  integrated  into  the  confines  of  a  small  turret 
and  structurally  maintain  in  alignment  with  precision  normally  associated  with  optical  bench  experiments 
found  in  laboratories .  This  delicate  equipment  must  then  be  stabilized  to  point  at  the  target  with  a  high 
degree  of  accuracy  in  a  severe  vibrational  environment  to  meet  system  overall  pointing  requirements  at 
extended  standoff  ranges.  The  purpose  of  this  section  is  to  describe  the  hardware  technology  efforts  in 
the  US  Army  Missile  Command’s  Guidance  and  Control  (G&C)  Directorate  in  Automatic  Tracking  and  Integrated 
Fire  Control  for  airborne  target  acquisition  and  laser  designator  systems. 

Studies  were  conducted  as  part  of  the  G&C  precision  designator  technology  program  to  determine  the 
various  stabilization  and  tracking  concepts  which  could  be  utilized  to  mechanize  a  precision  airborne 
Laser  designator  system  with  the  capability  to  search,  identify,  acquire,  automatically  track,  and  designate 
targets  from  long  standoff  ranges.  A  survey  was  made  to  determine  which  systems  already  in  existence  might 
he  potential  candidates  to  provide  this  function  and  concepts  of  existing  systems  were  modeled  and  simu¬ 
lated.  Based  on  the  studies,  surveys,  and  simulated  results,  it  was  determined  that  two  basic  concepts 
for  stabilization  and  many  concepts  for  automatic  tracking  existed,  each  concept  exhibiting  advantages  and 
disadvantages;  no  concept  was  clearly  superior  over  the  other.  As  a  result,  two  systems  were  selected, 
each  with  distinctly  different  approaches  to  stabilization  and  automatic  tracking. 

STABILIZED  PLATFORM  AIRBORNE  LASER  (SPAL) 

'Flie  SPAL  is  a  day-only  precision  technology  airborne  loser  designator  system  configured  into  a  pod 
for  helicopter  mounting  (Figures  3  and  4)*  The  pod  is  20  in.  high,  XI  in.  wide,  and  60  in.  long,  with  a 
20- in.  diameter  turret.  The  weight  Is  326  lb,  with  an  additional  65  lb  for  the  control  panel  and  cabling. 
The  forward  turret  assembly  contains  the  stabilizing  gimbals  and  sensors,  and  the  aft  pod  assembly  contains 
power  supplies,  electronics,  and  approximately  2  ft^  of  space  for  future  growth.  The  forward  turret 
assembly  may  he  detached  from  the  nfl  pod  and  installed  on  the  nose  of  an  AH-1G  Cobra  Helicopter.  Primary 
subsystems  for  SPAL  are  LOS  stabilization,  TV  viewing,  automatic  tracker,  laser  designator/rangefinder, 
and  the  laser  spot  tracker.  LOS  rate  stabilization  is  provided  by  a  conventional  two-axis  (azimuth, 
elevation)  gimbal  set.  The  turret  assembly  contains  the  optical  receiving  and  transmitting  windows  and 
Is  slaved  to  the  azimuth  gimbal  axis  to  decouple  wind  loads  and  keep  the  respective  windows  in  front  of 
the  tranuml tt  Ing  and  receiving  optics.  The  elevation  gimbal  serves  aa  a  onc-picce  structural  platform  on 
which  Is  mounted  the  optical  telescope  and  vldlcons,  the  laser  designator,  the  laser  range  receiver,  and 
a  Inner  spot  tracker.  Target  acquisition  Is  provided  by  n  closed  circuit  525-line,  2:1  interlace,  1:1 
aspect  ratio  television  system  annotating  of  a  2-f leld-of-viev  (FOV)  catndloptic  telescope,  silicon 
vldlcons  (one  each  for  the  wide  and  narrow  field  of  view),  TV  electronics  (including  electronic  enhance¬ 
ment  circuits),  and  a  heads-up  high  brightness  monitor  for  operator  viewing.  The  SPAL  gimbal  angles  can 
be?  controlled  in  the  manual  tracking  mode  by  Inputting  glml>i!  slew  rate  commands  as  a  function  of  operator 
control  fit  lei  displacement  or  by  an  automatic  tracking  mode.  The  SPAL  automatic  tracker  Is  a  multiple 
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83  ‘  a.r6a  bal,ance>  video  contrast  tracker.  Ry  operating  on  the  noncomposite  video  signal  from 
,„ronf  ^amura,’  tle  “ackcr  Sates  automatically  expand  to  the  edges  of  the  target  contrast  defined  by  the 
automati°  baCk8round  contrast  ratio.  The  tracker  commands  control  the  servo  to  track  the  target  centroid 


Figure  3.  Stabilized  Platform  Airborne  Laser  fSPAL). 


Figure  A.  SPAL,  Helicopter  mounted. 


Significant  achievements  accomplished  with  the  SPAL  were:  (1)  acquisition  and  automatic  tracking  of 
stationary  and  moving  targets  at  9  km,  t.2)  target  recognition  of  various  types  of  vehicles  (based  on 
operator's  performance),  and  resolution  patterns  (based  on  Johnson's  criteria)  at  5  to  6  km,  (3)  laser 
spot  pcak-to-pcak  jitter  of  A  in.  (measured  at  the  target  for  designation  ranges  of  2  to  3  km  for  automa¬ 
tically  tracked  targets,  (A)  laser  terminal  honing  seeker  acquisition  nnd  lock-o..,  at  A  to  8  km  of  energy 
reflected  from  turgel  designated  by  SPAL  from  a  range  of  A  to  8  km,  and  (3)  laser  designation  for  techno¬ 
logy  termlnol  homing  missile  launches  with  direct  hits. 
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STABILIZED  MIRROR  AIRBORNE  LASER  (SMALI 
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Figure  5.  Stabilized  Mirror  Airborne  Laser  (SMAL). 


The  basic  mirror  stabilization  error  was  less  than  20  prad,  well  within  the  LOS  error  requirements. 
However,  additional  image  motion  was  induced  by  structural  bending  in  the  very  long  optical  bed. 


TEST  PROGRAM  AND  PERFORMANCE 

A  well  designed  test  and  Instrumentation  program  is  essential  to  assess  system  performance  and  poten¬ 
tial  performance  problem  areas.  It  must  be  remembered  that  the  errors  being  measured,  especially  for 
stabilization,  tracking,  and  overall  pointing,  are  so  small  that  in  many  cases  the  instrumentation  resolution 
and  test- induced  errors  are  the  limiting  factors.  The  performance  test  program  should  consist  of  at  least 
two  levels.  Major  subsystems  following  fabrication,  prior  to  system  integration,  should  undergo  complete 
laboratory  performance  tests.  The  laser  should  be  tested  for  all  key  performance  parameter  especially  for 
boreaight  drift  with  respect  to  its  mounting  points.  If  the  laser  exhibits  significant  boresight  drift  in 
a  laboratory  environment,  overall  pointing  error  will  probably  exceed  the  design  specification.  The  day 
and  night  sensors  should  also  be  tested  in  a  laboratory.  For  daylight  viewing  sensors,  the  Amplitude 
Kcspom.e  and  Contrast  Transfer  Function  should  be  empirically  obtained  from  the  display  through  the  complete 
subsystem  to  the  objective  aperture.  For  night  imaging  sensors  (FLIR) ,  the  Noise  Equivalent  Temperature 
Difference  (NEAT)  and  the  Minimum  Resolvable  Temperature  (MRT)  should  be  measured  in  the  laboratory.  These 
laboratory  performance  measures  con  be  substituted  into  target  acquisition  models  to  predict  expected 
target  detection  and  recognition  ranges. 

After  Integration  of  the  subsystems  and  system  integration  tests  to  eliminate  subsystem  interferences 
and  integration  problems,  the  major  subsystem  performance  tests  should  be  repeated  in  the  laboratory  to 
Insure  that  no  system  integration  problems  exist  which  would  reduce  target  detection,  recognition,  or 
overall  pointing  performance.  These  test  recommendations  are  the  results  of  design  and  development  cycles 
on  at  least  three  technology  systems  and  will  result  in  identifying  potential  system  and  subsystem  problems 
early.  Following  Integration  into  the  helicopter,  the  flight  test  is  next  performed  to  measure  target 
acquisition  and  designation  performance  in  a  realistic  helicopter  vibrational  environment  under  conditions 
which  simulate  target  engagement.  The  laboratory  subsystem  and  system  performance  tests,  if  conducted 
properly,  can  be  used  to  predict  and  correlate  with  the  flight  test  results. 

Target  detection  and  recognition  flight  tests  for  the  SPAL  consisted  of  a  sequence  of  rune  where  the 
helicopter  would  approach  the  target  array  from  9-km  Btandoff  range  and  fly  toward  the  target  nrrav  with 
a  given  speed,  altitude,  aspect  angle,  and  maneuver.  The  helicopter  would  maintain  these  parameters  until 
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t  \e  target  array  was  overflown  and  then  would  fly  back  to  the  9-km  standoff  starting  point  for  the  next  run. 

e  target  array  usually  consisted  of  the  laser  target  board,  an  armored  personnel  carrier  (either  stationary 
or  moving)  along  with  stationary  resolution  boards  (Figure  6).  A  video  tape  recorder  was  mounted  in  the 
A11-1G  Cobra  to  record  system  video.  In  addition,  system  video  was  transmitted  to  the  ground  test  van  located 
near  the  target  array  through  a  modified  12-MHz  bandwidth  transmitter.  IRIG-B  reference  timing  was  super¬ 
imposed  on  the  video  signal  and  recorded. 
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Figure  6. 


Target  array. 


A  review  of  the  video  tapes  from  the  helicopter  mounted  recorder  and  transmitted  TV  video  showed  that 
with  repeatability,  the  SPAL  system  can  resolve  6  to  8  cycles  on  a  2.3-  x  2.3-m  target  board  from  approxi¬ 
mately  jOOO-m  range  while  flying  straight  toward  the  target  board  at  60  to  100  kt  at  100  to  200  ft  altitude 
above  ground  level.  Military  personnel  (at  least  10  observers)  viewing  the  video  tapes  consistently 
recognized  or  identified  the  moving  military  vehicle  as  an  M113  armored  personnel  carrier  at  a  standoff 
range  of  5000  to  7000  m.  Most  of  the  observers  were  able  to  do  this  at  approximately  7000  m.  The  SPAL 
operator  (unfamiliar  with  the  test  area)  had  no  problems  acquiring  the  target  consistently  in  the  wide  FOV 
and  tracking  (manually  or  autotrack)  in  the  narrow  FOV.  Both  stationary  target  boards  and  moving  M113 
targets  were  automatically  tracked  at  various  ranges  out  to  9000-m  standoff  range.  The  tracking  perfor¬ 
mance,  especially  the  ability  to  maintain  autotrack,  is  highly  dependent  on  the  amount  and  type  of  scene 
clutter  surrounding  the  target. 


The  SPAL  laser  designation  flight  test  was  designed  to  measure  the  ability  of  the  operator  and  SPAL 
system  to  hold  the  laser  beam  on  the  desired  target  hitpoint,  the  laser  beam  motion  around  the  hitpoint, 
and  the  reflected  energy  from  the  target.  These  measured  data  were  gathered  as  a  function  of  the  type  of 
target  (target  board,  armored  personnel  carrier,  or  tank);  whether  the  target  was  moving  or  stationary, 
the  helicopter  speed,  altitude,  and  type  of  maneuver;  and  the  mode  of  tracking  (manual  or  automatic)  in 
which  the  SPAL  is  being  operated.  The  objective  of  this  phase  of  testing  was  not  only  to  obtain  accurate 
data  on  the  pointing,  tracking,  and  stabilization  performance  of  the  SPAL  system,  but  also  to  determine  if 
and  at  what  standoff  range  the  SPAL  performance  would  be  sufficient  to  be  used  as  an  airborne  laser 
designator  in  the  technology  missile  firing  program.  A  test  range  setup  similar  to  the  detection/recognition 
test  was  used  except  that  laser  scoring  cameras  and  reflected  laser  energy  measurement  instrumentation  were 
required.  Laser  spot  data  were  collected  with  a  silicon  vidicon  TV  laser  scoring  camera.  The  coordinates 
of  each  laser  pulse  with  respect  to  the  center  of  the  target  was  calculated  on  a  frame  by  frame  basis  from 
16  mm  film  made  from  the  laser  scoring  camera  TV  video.  Laser  spot  centroid  data  were  also  calculated  by 
another  completely  independent  system  using  an  intensified  vidicon  which  was  gated  to  record  each  laser 
pulse.  A  processor  operated  on  each  frame  of  video  to  calculate  the  coordinates  of  the  centroid  of  each 
laser  pulse.  A  video  threshold  (adjustable)  level  was  set  to  define  a  contour  around  the  laser  spot. 

Tlius,  all  voltages  in  the  noncomposite  video  signal  greater  than  the  threshold  represent  imagery  o  the 
laser  spot.  An  algorithm  in  the  processor  au tomatically  computes  the  centroid  in  X  and  Y  coordinates  of 
each  laser  pulse  reflected  from  the  target  with  respect  to  a  desired  preset  reference  (X  -  0,  Y  -  0)  hit 
point.  The  process  then  calculates  the  static  tics  (mean  and  standard  deviation)  of  a  sequence  of  laser 
pulses  over  some  interval  of  time.  The  processor  can  perform  this  task  in  real  time  or  on  video  recorded 
with  the  laser  scoring  camera.  The  two  methods  of  computing  laser  spot  centroid  coordinate  data  were  used 
aa  checks  against  each  other. 


The  test  runs  were  conducted  with  the  helicopter  flying  straight  toward  the  laser  scoring  target  board 
at  a  nominal  altitude  of  150  ft  at  a  nominal  forward  velocity  of  100  kt.  Some  runs  were  conducted  at  60-kt 
velocity  resulting  In  no  noticeable  difference  fn  luncr  spot  jitter  even  though  somewhat  higher  vibration 
levels  were  experienced  nt  slower  speed  flights.  A  slalom  maneuver  (fly-in  while  banking  30  from  side  to 
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side)  was  performed  to  introduce  excessive  helicopter  tracking  motior.  During  this  maneuver,  the  laser  spot 
jitter  did  not  increase  appreciably  In  the  automatic  tracking  mode,  however,  the  laser  spot  was  off  the 
target  scoring  board  a  significant  percentage  of  the  time  in  the  manual  tracking  mode  such  that  statistics 
of  the  laser  spot,  could  not  be  calculated,  A  typical  plot  of  centroids  of  the  laser  spot  in  X  and  Y  coordi¬ 
nates  versus  time  for  a  3-sec  interval  around  3  km  for  manual  tracking  is  shown  In  Figure  7.  The  overall 
pointing  error  for  manual  tracking  was  in  excess  of  123  urad  and  was  not  categorised  as  being  precision 
pointing  rt-;  required  by  laser  terminal  homing  missiles.  A  ti-K?  plot  of  laser  spit  centroids  for  the 
automatic  tracking  mode  is  shown  in  Figure  S.  This  plot  represents  data  with  "standard  deviations"  (time 
waivin':  spot  ration  -  stabilization  and  tracking)  of  JO  to  13  erad  and  "moans"  (time  invariant  spot  displace¬ 
ment.  -  aiming  and  bores lghO  of  23  to  AO  ;rad  at  3000- m  standoff  range.  This  represents  overall  pointing 
accuracies  of  less  than  A3  »irad. 


Figure  7.  Typical  plot  of  laser  spot  centroid  Figure  8.  Typical  time  plot  of  laser  npot  centroid 

displacement  versus  time  for  a  3-kn  tranur.l  at  5-kra  standoff  range, 

track  run. 


LASER  SPOT  CENTROID  DATA  ANALYSIS 

Laser  designation  t  light  Icsih  renuluJ  in  the  accumulation  of  large  amounts  of  spot  centroid  data. 

Thi»«  clearly  pointed  out  the  need  for  some  compact  method  for  data  management  ond  the  reduction  of  spot 
centroid  displacement  from  the  dcnlrcd  hit  point  Into  a  system  component  error  budget.  Also,  the  need  for 
.i  Jelailed  analysis  of  the  laser  designator’s  overall  pointing  performance  Is  important  flora  the  standpoint 
of  correlating  system  output  performance  (loser  spot  motion)  to  6 vs tern  operator  and  internal  system  hardware 
error  sources  (servo  rate  stab !  li  ;:n  t  Ion ,  autotracker,  gy.es,  etc.),  Two  methods  have  been  developed  to 
achieve  this.  ‘I  hi*  first  method  is  lo  record  signals  from  rltical  tent  points  in  the  stabilization  and 
pointing  serve  loops  and  to  Instrument  the  stabilized  wig!  mounting  locations  with  translational  and 
angular  nccole  rome  ters  to  determine  vibrational  Input  d  i  s  tt  rb.incc  s .  Then,  for  each  laser  designation  run, 
the  las*  r  spot  notion  frequency  and  abnormal  spot  behavior  can  he  correlated  with  recorded  signal  levels  to 
identify  Lin-  yiiut  uf  liie  uieouly.  Th  i  r.  ret  hod  ir.  very  tire  consuming  and  costly  from  the  f  n?t  rumen t  at  I  on 
and  data  reduction  aspect,  \  second,  nlr.pli-r  approach  lb  to  make  logical  .is sump r.  1  one  about  the  bohovior 
of  the  laser  spot  mol ion  and  to  estimate  the  pointing  system  erroi  sources  from  Just  the  laser  spot  centroid 
uala,  This  method  1m  much  i’i.»rc  manageable  from  the  data  acqu Is  1 1 lon/reduc t Ion  standpoint.  Tlicn  the  first 
method  i.in  lie  u^ed  only  on  .he  Isolated  cases  where  problems  do  occur  or  system  performance  exceeds  npeci- 
fi'itiou*.  I’rloi  to  dej-cri  ring  the  method  of  "Th  t  im.it  J  r.g  Pointing  System  F.rrois  from  Laser  Spot  Centroid 
h-ii-i,"  a  i hi r e  descriptive  definition  must  he  made  uf  the  error  categories  than  previouHly  defined  In  this 

t  e  .%  I  . 

ERROR  CATEGORIES 

lloresighL  i.rror  1*  ll/.uly  to  bv*  Liu-  largest  component  and  is  defined  as  the  angular  misalignment 
bi  lw.ii:  tin-  laser  bear,  centroid  and  the  viewing  sensor’s  1.0?  as  defined  by  n  perfect  reticle  Imaged  on  an 
lthni  targel  ;:l;me.  hie  nuit  eei-mon  sour, a  of  boroslgl.l  error  In  acquisition  and  laser  deslgnat  ioti  systems 
0,'ic.il  ci-.yoiu'iil  sr.ifts  ( t  runs  1  a  t  1  nn  or  lilt)  due  to  thermal  gradients.  The  errors  vf  11  increase  for 
svsu-ii.;,  with  lu'iuonxlul  «?pl!cs  and  lneg*  piiyslial  separations  between  Hensors  and  the  laser.  The  larger 
s«  |  it.i M on  .  imply  longer  optical  lever  arv.  and  the  likelihood  of  additional  relay  optics.  The  errors  will 
I,  r.d  1 1»  vary  iii.me  l,>-i  I  .a  llv  with  line  or  cycle  as  a  function  of  thermal  loading,  since  equilibrium  in  never 
li-ucl.*--!.  "i!:it  M»iir*  e*.  are  errnr-,  1  n  t  rodur  .<1  by  the  inability  to  horoslght  the  sensors  to  rhe  laser 
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"perfectly"  (borenlgh t lng  procedure),  sensor  raster  drift,  and  internal  laser  boresight  shifts.  Time 
varying  angular  misalignment  between  the  laser  beam  and  the  viewing  senecr  LOS  induced  by  structural 
deformations  due  to  vibration  will  tend  to  be  periodic  and  high  frequency.  Due  to  the  nature  and  source 
of  the  misalignment,  this  error  should  be  categorized  as  structural  stability  error  Instead  of  boresight 
and  would  be  considered  part  of  the  stabilization  error.  It  is  assumed  that  boresight  error  during  a  run 
is  limited  to  values  which  are  an  order  of  magnitude  smaller  than  the  overall  pointing  error  and  can  be 
considered  tine  invariant  for  this  analysis. 

Aiming  error  is  the  angular  misalignment  between  the  viewing  sensor's  LOS  as  defined  by  a  perfect 
reticle  imaged  on  an  ideal  target  plane  with  respect  to  an  imaginary  line  from  the  sensor  to  the  desired 
hit  point  on  the  target.  This  error  tends  Co  be  very  difficult  to  measure;  the  only  point  at  which  to  make 
the  measurement  is  the  sensor’s  imagery.  Aiming  error  will  most  likely  be  on  the  order  of  the  sensor's 
resolution  limit,  otherwise,  the  operator  would  have  the  Information  to  aim  better,  thereby  reducing  the 
aiming  error.  This  error  is  caused  by  imperfect  definition  of  the  ideal  target  point,  TV  resolution, 
human/optical  resolution,  and  humhn  actuation  limitations  coupled  with  the  pointing  and  tracking  system's 
servo  response.  Experiences  have  indicated  that  aiming  error  is  mainly  due  to  system  resolving  power 
limitations  when  the  human  is  not  operating  under  physiologically  stressful  conditions.  If  aiming  is 
required  during  automatic  tracking,  then  estimation  of  this  new  aiming  error  or  estimation  of  the  average 
aiming  error  during  any  target  run  must  separate  the  manual  commands  from  the  purely  automatic  tracker 
(machine)  commands.  Since  different  operators  perform  differently,  the  contribution  of  the  operator  to 
overall  pointing  error  during  each  test  should  be  estimated  to  determine  a  baseline  for  operator  error  so 
that  realistic  system  performance  can  be  predicted.  An  average  aiming  error  over  a  run  should  provide  the 
most  reasonable  estimate  of  operator  performance.  Since  the  operator  is  equally  likely  to  aim  high  as  to 
ain  low,  etc.,  the  average  of  the  run  aiming  errors  over  many  runs  for  that  operator  should  approach  zero 

with  the  number  of  runs.  Since  the  estimate  of  the  mean  aiming  error  of  an  operator  will  likely  be  zero, 

a  variance  estimate  or  estimate  of  the  standard  deviation  provides  the  only  reasonable  estimate  of  (operator) 
aiming  error. 

In  previous  efforts,  some  attempt  has  been  made  to  separate  stabilization  error  from  tracking  error. 

This  can  be  done  in  only  an  approximate  way  because  (1)  tracking  accuracy  depends  on  the  performance  of 

the  rate  stabilization  loop,  and  (2)  the  positioning  accuracy  of  a  rate  stabilization  loop  can  be  determined 
only  by  using  a  tracking  system  (position  feedbacx)  to  provide  pointing.  If  it  is  desirable  to  know 
precisely  how  well  the  stabilization  subsystem  or  the  tracking  subsystem  is  performing  during  flight  test, 
then  internal  system  measurements  must  be  evade  while  laser  spot  centroid  measurements  are  made  at  the 
target.  The  instantaneous  total  pointing  error  is  the  vector  sur.  of  the  aiming  error,  EA ,  the  stabilization 
and  tracking  error,  E<.  ,  and  the  boresight  error,  Eg . 


METHOD  OF  ESTIMATING  ERRORS 

Typical  data  or.  the  coortlinar.es  of  a  laser  spot’s  centroid  at  the  target  board  as  a  function  ol  time 
during  a  single  run  are  shown  in  Figure  8.  These  data  give  an  indication  of  the  typical  randomness  of 
centroid  movement.  If  one  is  limited  onl>  to  laser  spot  centroid  data,  the  following  random  data  analysis 
method  can  be  used  to  estimate  operator  error,  boresight  error,  and  stabilization  and  tracking  system  error. 

Let  the  laser  pulse  tines  during  a  run  ho  denoted  by  t  »  n'f^  with  n  *»  and  Tq  representing  the 

pulbc  period.  Also,  let  i,  1  =  1,2 . 1,  denote  the  run  number  after  the  J Ch  boresight  operation  and  by 

the  Sc*'1  operator.  If  overall  aiming  error  by  a  population  of  operators  is  desired  and  it  is  not  required 
to  estimate  the  abilities  of  individual  operators,  then  the  index,  k,  can  be  ignored  by  letting  the  index, 

J,  include  data  for  all  operators.  If  Information  about  the  variance  of  operator  abilities  Is  needed,  then 
the  estimation  should  bo  done  for  each  operator  and  the  overall  operator  error  computed  from  the  individual 
error.  Hie  latter  approach  is  taken  here  and  the  index,  k,  is  used. 

'•he  mean  estimate  for  the  data  of  the  itl’  run,  Jtn  boresight,  and  ktl‘  operator  is 


(2) 
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Tints  error  is  a  random  variable  with  ?.rro  mean;  It  Eight  bo  simply  characterized  by  the  variance: 
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Total,  single-axis  stabilization  and  tracking  error  would  then  be  given  by  one  of: 
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provided  stabilization,  boresighting,  and  aiming  errors  are  independent  as  they  are  assumed  to  be.  Bore- 
sight  error  should  be  nearly  constant  between  frequent  boresigbt ings .  That  Is,  the  frequency  of  boresightir^ 
is  determined  by  the  assumption  that  changes  in  boresight  error  are  small  compared  to  the*  boresight  error 
itself.  Since  these  changes  can  only  be  observed  from  laser  spot  data,  these  data  must  be  processed 
continuously  to  determine  when  to  re-bores ight .  The  contribution  of  aiming  error  to  x  over  all  runs 

should  suit,  to  zero;  that  is,  the  ncan  of  t  tie  aiming  error  contribution  to  x  ..  should  be  zero.  Thus,  the 
boru-siglil  error  for  each  boresighting  event  should  be 
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Since  the  various  boresighting  events,  1*1  J,  should  not  produce  a  systematic  boresight  error,  a  check 

on  thv  Validity  of  and  ‘  b y ) k  or  dn  *n^*Ciitlon  01  no  persistent  boresight  problem  19 
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As  implicit}-  indicated  in  Kquation  (bj,  ti.e  aiming  error  at  each  run  could  be  described  by 
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Notice  that,  and  correctly  so,  over  the  (many)  target  runs 
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If  eBxjk  an<*  £Byjk  arc  ran<*om  variables  over  many  boresighting  events,  j-1, 2,. . .  , J,  and  if  it  has  zero  mean 
over  these  events  (as  assumed  and  tested  previously),  then  the  system  boresight  error  is  characterized  by 
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Since  Che  nean  af  the  alttlng  error  Is  zero  ovei  the  many  runs,  the  variance  Is  Che  next  best  term  to  use  to 
characterize  this  error: 
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The  (total)  system  error  over  many  runs,  bores ightings ,  and  operators  should  have  zero  means  so  that  there 
arc  not  systematic  errors.  The  variance  is  the  next  best  way  to  describe  this  total  error  and  is  defined  by 
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The  neon  of  all  data  should  be  zero,  otherwise  there  arc  not  enough  samples,  or  there  Is  a  systematic  error 
whose  source  must  be  determined  by  other  means.  In  any  case,  since  systematic  errors  will  become  known  anr. 
can  be  subtracted  out,  the  following  is  obtained: 
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This  is  seen  to  be  the  case  by  the  following  analysis  shown  in  the  Appendix.  The  analysis  techniques 
described  in  this  section  were  applied  to  a  large  laser  spot  data  base  and  found  to  alleviate  the  data 
management  problem  and  provide  excellent  results. 


CONCLUSIONS 

Analytical  and  design  techniques  have  been  applied  to  translate  general  requirements  into  hardware 
design.  The techniques  nave  been  converted  to  models  that  have  been  validated  by  laboratory  and  flight 
test  performance  results.  Critical  design  areas  have  been  determined  and  good  (and  bad)  techniques  have 
identified  tor  both  subsystem  and  system  design  and  integration.  Experimental  sensor  and  system  hardware 
has  been  developed  and  demonstrated  to  exceed  requirements  for  target  detection,  recognition,  and  laser 
deoignat ion.  A  number  of  technology  missile  firings  have  confirmed  the  sufficiency  of  the  designator  require¬ 
ments.  Compact  mathematical  techniques  have  been  developed  to  alleviate  problems  with  management  of  large 
quantities  of  dad  and  provide  excellent  estimates  of  system  error  budgets. 
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APPENDIX 
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Thus,  this  allocation  method  is  correct.  In 


these  steps ,  the  shorthand  notation  has  been  used. 
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It  should  be  noted  that  the  estimates  of  x2  fill  be  slightly  biased  unless 
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done  In  the  preceding  development  to  keep  the  notation  as  simple 
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SUMMARY 

Strapdown  or  body-fixed  seekers  with  sufficient  f i el d-of - vi ew  for  the  terminal  guid¬ 
ance  of  many  tactical  weapons  arc  now  approaching  state-of-the-art.  Such  seekers  have  a 
number  of  advantages  over  gimballed  seekers,  including  increased  reliability  and  unlimited 
1 i ne - o f - s i g h t  rate  capability.  The  major  disadvantage  is  that  inertial  1 i ne- of T s i gh t 
rates  are  not  directly  available  for  the  implementation  of  proportional  navigation.  To 
form  1 i ne- o f- s i gh t  rates,  the  seeker  output  must  be  combined  with  inertial  sensor  measure¬ 
ments.  This,  however,  results  in  a  potential  Instability  due  to  seeker  gain  errors.  This 
problem  has  been  minimized  by  a  dithei  adaptive  parameter  identification  approach  for  the 
measurement  and  correction  of  seeker  errors.  Simulation  studies  indicate  tne  performance 
of  such  systems  -.an  be  comparable  to  that  of  gimballed  seekers.  This  paper  will  consider 
the  basic  principles  and  problems  involved  with  mechanizing  proportional  navigation  with 
strapdown  seekers  and  present  performance  results  for  the  dither  adaptive  technique. 


1.  introduction 

Most  contemporary  tactical  guided  weapons  employ  inertially  stabilized  seekers  for 
target  tracking  and  proportional  navigation  for  terminal  guidance.  These  seekers  have  a 
narrow  instantaneous  f  i  e  1  d-of- vi  ew ,  nominally  less  than  +  3  degrees.  In  order  to  increase 
the  seeker's  total  field-of-view,  the  target  tracking  sc-iisor  is  nounted  on  a  gimballed 
pig*  which  i;  stabilized  with  respect  to  inertial  space.  These  gimballed  seekers  have 
the  antage  of  providing  a  liruLt  measurement  of  inertial  1 i ne  -  o f - S i gh t  (LOS)  rate, 
"nerefore,  proportional  navigation  is  easily  implemented,  since  it  requires  body  rate  or 
acceleration  commands  proportional  to  the  measured  LOS  rate.  Proportional  navigation  is 
highly  accurate  for  a i r - t o - s u r f a c e  apol  i  c a t i ons .  and  recent  studies  have  shown  it  is 
nearly  optimal  for  minimizing  miss  distance  for  these  applications.  The  disadvantages  of 
inertially  stabilized  seeker  systems  are  that  they:  (1)  require  .the  fabriratibn,  mainten¬ 
ance  a :  <d  calibration  of  a  complex  mechanical  structure;  (2)  exhibit  tracking  rate  limits 
which  restrict  performance  envelopes;  and  (3)  are  sensitive  to  missile  accelerations. 

Recent  advances  in  seeker  technology  have  increased  the  field-of-view  limits  to  the 
point  that  it  is  feasible  to  remove  the  gimballed  platform  and  fix  the  seeker  to  the 
missile  body  thus  eliminating  the  major  disadvantages  of  inertially  stabilized  seekers. 
Examples  of  such  seekers  are  optical  and  radar  correlators,  laser  detectors  with  a  holo¬ 
graphic  lens,  and  radar  seekers  with  phased  array  antennas.  These  new  body-fixed  seekers 
are  referred  to  as  strapdown  seekers.  These  seekers  have  two  potential  payoffs.  First, 
the  elimination  of  mechanical  moving  parts  would  increase  the  reliability  of  the  system, 
and  second,  the  removal  of  the  gimbals  could  provide  a  cost  savings. 

One  of  the  disadvantages  of  strapdown  seekers  is  that  the  inertial  1 i ne -o f- s i gh t  rates 
needed  for  proportional  navigation  are  not  directly  available.  This  problem  could  be 
overcome  through  the  use  of  a  less  optimal  guidance  law,  such  as  pursuit  guidance,  which 
does  not  require  1 i ne- of- s i ght  rates.  Most  strapdown  seekers  provide  a  direct  measurement 
of  line-of-sight  •  r  r  o  r  angles  in  seeker  or  missile  body  coordinates.  Theoretically, 
inertial  line-of-sight  rates  can  be  obtained  by  taking  tne  derivative  of  these  angles  and 
transforming  them  into  inertial  coordinates  using  inertial  sensors  such  as  rate  or  atti¬ 
tude  gyros.  Practically,  if  there  are  even  small  errors  in  the  seeker  measurements,  large 
-■iss  distances  can  result  or  perhaps  total  s>ste,~  instability.  This  has  been  one  o'  the 
factors,  along  with  limited  field-of-view  capability,  which  has  prevented  the  wide  scale 
use  of  strapdown  seekers  in  the  past. 


2.  BACKGROUND 

Beginning  in  the  ea  r  1  y  1970's,  there  has  been  increasing  interest  in  strapdown  seekers 
as  a  result  nf  advances  in  seeker  technology.  In  particular,  radar  seekers  with  phased 
array  artenr. as,  electro-optical  area  correlators,  and  semi-active  laser  seekers  appeared 
to  be  suitable  for  strapdown  applications  (References  1,  2).  Studies  of  guidance  laws 
and  filtering  techniques  for  implementing  strapdown  seekers  (References  3,  4)  yielded 
concepts  which  effectively  lower  the  navigation  gain  to  reduce  the  sensl-tlvlty  ,tc  seeker 
errors.  This  attempt  tn  compromise  accuracy  for  stability  margin  led  to  combinations  of 
Pursuit  and  proport'onal  navigation.  Ore  such  concept,  Dynamic  Lead  Guidance,  had  a  navi¬ 
gation  gain  of  unity  for  low  guidance  frequencies  and  a  gain  of  3  to  6  for  higher  fre¬ 
quencies.  This  limited  the  strapdown  seeker  to  air-to-surface  missions  and  still  required 
relatively  high  precision  seeker  elements.  This,  in  turn,  kept  the  cost  of  strapdown 
seekers  comparable  to  gimbalied  seekers  with  some  degradation  in  accuracy. 
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Recent  advances  in  microprocessor  technology  have  resulted  in  low  cost  computers  for 
tactical  weapons  with  sufficient  speed  and  storage  capability  to  continuously  monitor  and 
compensate  for  strapdown  seeker  errors,  while  maintaining  a  high  navigation  gain.  One 
such  dither  adaptive  concept  was  developed  by  Rockwell  International  and  evaluated  under 
Air  force  contract  F08635- 77-C-Ol 44 .  This  program,  completed  in  April  of  1978,  indicated 
the  feasibility  of  straDdown  seekers  for  air-to-surface  weapons  using  this  parameter 
identification  approach  (Reference  S).  Using  six  deg ree- o f - freedom  digital  simulations 
of  two  typical  weapon  systems,  the  dither  adaptive  concept  achieved  performance  comparable 
to  that  oi  ?  gimballed  seeker.  Realistic  models  of  seekers,  inertial  sensors,  and  system 
errors  were  employed,  and  relatively  low  seeker  accuracy  was  required. 

A  second  study,  titled  btrapdowr.  Seeker  Guidance  ard  Control  Technology  for  Tactical 
Weapons  (Contract  No.  F08635-79-C-0187)  ,  was  begun  in  May  of  1  979  and  runs  through 
September  of  1980.  Its  objective  is  to  extend  the  dither  adaotive  concept  to  air-to-air 
weapons.  The  concept  was  refined  to  handle  the  higher  bandwidths  and  f 1  el ds-of- v 1 ew 
required  for  air  engagements  against  maneuvering  targets.  The  performaice  of  the  air-to- 
air  weapons  with  a  strapdown  seeker  compared  favorably  to  that  of  the  same  weapon  with  a 
gimballed  seeker.  The  refinements  in  the  concept  also  reduced  the  accuracy  requirements 
of  the  strapdown  seekers,  thus  potentially  reducing  their  cost.  Although  developed  for 
air-to-air  applications,  the  techniques  are  direccly  applicable  to  air-to-surface  weapons. 
During  the  remainder  of  the  contract,  a  detailed  autopilot  design  will  be  developed  for  an 
ai r-to-surface  weapon  with  a  particular  see ke r / a i r f ra me  combination  utilizing  the  Improved 
dither  adaotive  concept.  This  paper  will  summarize  the  results  of  these  two  studies  to 
date,  and  will  provide  insights  into  tiie  design  problems  and  solutions  developed. 


3.  BASIC  CONCEPTS 

The  major  difference  between  gimballed  and  strapdown  seekers  is  that  those  functions 
performed  by  a  mechanical  structure  in  the  gimballed  seeker  are  performed  electronically 
in  the  strapdown  seeker.  Examples  of  these  functions  are  differentiation  to  yield  a  rate 
output,  transformation  from  missile  to  1 i ne-of- s i ght  (LOS)  axes,  and  the  removal  of  body 
motion  from  the  seeker  output.  However,  in  both  systems  an  inertial  reference  is  required, 
be  it  rate  gyros  or  an  inertial  wheel  on  the  inner  gimbal  of  a  gimballed  jeeker,  or  rate 
or  attitude  gyros  for  the  strapdown  system.  Since  the  platform  of  a  gimballed  seeker  must 
be  physically  rotated  to  track  the  target,  there  is  a  limit  to  LOS  rate.  This  limit  is  a 
function  of  the  mechanical  torquers  and  platform  mass  or  angular  momentum  of  the  inertial 
wheel.  For  strapdown  seekers  no  such  limit  exists,  making  the  seeker  attractive  for  high 
performance  air-lu-aii  weapons.  Another  major  difference  is  associated  with  fields-of- 
view  (POV).  For  the  gimballed  seeker  it  is  possible  to  have  a  small  instantaneous  FOV  and 
a  large  total  FOV  corresponding  to  the  maximum  gimbal  deflection.  The  small  instantaneous 
FOV  has  the  advantages  of  low  thermal  or  background  noise  and  good  rejection  of  false 
targets.  For  strapdown  seekers,  two  basic  types  are  possible.  These  are  termed  "staring" 
and  "beam  steered"  for  the  purpose  of  this  discussion.  Sketches  for  each  type  are  pre¬ 
sented  In  Figure  1.  The  staring  type,  such  as  the  semi-active  laser  seeker,  has  an  instan¬ 
taneous  FOV  equal  to  the  total  FOV.  The  beam  steered  type  Is  much  like  a  gimballed  seeker, 
in  that  it  has  a  small  instantaneous  FOV  or  beam  which  can  be  moved  relative  to  the  missile 
body.  A  radar  seeker  with  phased  array  antenna  is  an  example  of  beam  steering.  This  com¬ 
parison  of  gimballed  and  strapdown  seekers  is  summarized  In  Table  I.  The  major  sources 
for  error  in  tie  1 i ne -of- s i gh t  rate  output  are  also  presented  for  both  seekers.  The 
methods  for  generating  the  LOS  rates  for  strapdown  seekers  are  presented  in  the  following 
section. 

3.1  Methods  of  Generating  L i n e- o f - S i gh t  Rates 

Two  basic  methods  of  generating  LOS  rate  signals  from  strapdown  body  fixed  seekers 
have  been  uncovered  which  tend  to  be  seeker  hardware  dependent.  These  methods  are  termed 
"beam  steering"  and  "additive  rate  compensation’1  for  convenience,  although  no  widely 
accepted  designations  seem  to  exist.  They  are  generally  used  with  "beam  steered"  and 
"staring"  seekers,  respectively,  although  this  is  not  necessary  (as  will  be  shown  in  a 
later  paragraph).  The  general  forms  for  each  method  are  shown  in  Figure  2  for  a  single 
seeker  channel.  Eeam  steering  will  be  describee  first  since  the  other  method  can  be  con¬ 
sidered  as  a  special  case  w’th  fixed  bean  or  FOV  with  respect  to  the  missile  body.  The 
geometry  of  the  beam  steering  method  is  shown  in  Figure  3.  Notice  that  ’.he  center  of  the 
beam  or  FOV  can  be  displaced  by  an  ang i e a from  the  missile  longitudinal  axis.  The 
steering  looo  (Figure  2'  centers. the  beam  on  the  target  by  driving  the  error  angle,  'beam, 
to  zpr0.  _  The  rate  gyro  signal,  0gyro,  removes  Lody  rats  inf-'  tion  from  the  seeker 
output  (Xu)  by  effectively  cancelling  the  body  att  '  *ude  comps-  .-nt  in  'body-  5 n  other 
words,  the  gyre  adds  positive  feedback  o‘  body  att  .ude  (#^)  ,o  compensate  for  the  exist¬ 
ing  negative  feedback.  It  will  be  shown  that  unless  the  gain  and  phase  differences  in  the 
two  paths  are  small,  tie  system  will  become  unstable. 

Therefore,  for  beaming  steering,  only  the  redone  effect  and  the  Phaser  shifter  linearity 
ana  dynamics  affect  the  stability  of  the  system  with  respect  to  cancellation  of  the  two 
body  attitude  paths.  Thus,  the  steering  loop,  which  is  made  up  of  signal  processing  and 
seeker  loop  condensation,  car,  have  less  stringent  bandwidth  and  linearity  specifications. 

The  integrator  in  the  feedback  path  performs  the  function  of  differentiation  of  the  input 
signal  and  also  aids  in  the  control  of  steady  state  errors.  This  concept  has  the  advantage 
of  a  small  instantaneous  FOV  which  results  in  Increased  rejection  of  background  noise  and 
false  targets  over  s  t  a  r  >  ng  seekers .  >'  major  drawback  Is  that  it  can  be  applied  to  only 

certain  types  of  seekers,  mainly  radars  with  phased  array  antennas  and  ontical  area 
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Figure  1.  Basic  Types  of  Strapdown  Seekers 
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correlators.  In  which  the  sensed  energy  can  be  displaced  with  respect  to  the  detector  by 
electromagnetic  means. 

The  "additive  rate  comper s a 1 1  or,"  technique  can  be  applied  to  any  type  of  seeker.  It 
can  be  considered  a  special  case  o  f  beam  steering  in  which  the  angle  between  the  beam 
ana  nlssile  centerline  (^bpa^)  is  fixed.  The  angle  is  normally  zero  although  the  beam 
can  be  canted  down  in  pitch  i'f  necessary  to  minimize  tne  required  FOV.  The  nominal  cant 
angle  is  usually  the  average  trim  angle  of  attack.  Notice  that  the  radome  effect  and  the 
seeker  dynamics  must  now  be  considered  i  r,  assessing  the  stability  effects  of  attitude 
path  cancellation.  ’he  term  "radone  effect"  will  be  used  in  a  general  sense  to  denote 
any  distortions  of  the  target  energy  between  target  and  detector. 

In  either  method  the  inertial  sensor  employed  can  be  a  rate  or  attitude  gyro.  The 
only  difference  will  be  in  the  errors  introduced  by  the  gyro.  As  previously  mentioned, 
a  "beam  steered"  type  of  seeker  need  not  generate  LOS  rates  using  the  beam  steering 
method.  If  the  rate  gyro  is  removed  from  the  beam  steering  mechanized  of  Figure  2,  and 
the  integrator  moved  to  the  forward  path,  then  the  beam  will  be  centered  on  the  target. 
The  seeker  output  will  equal  ^beam  which  is  approximately  fbody  f°r  3  high  gain  loop. 
Therefore,  the  seeker  output  is  tne  same  as  for  a  starinn  seexer  and  additive  ra  +  e  com¬ 
pensation  can  be  employed.  Since  additive  rate  compensation  was  a  more  general  config¬ 
uration  which  could  be  used  regardless  of  seeker  type,  it  became  part  of  the  dither 
adaptive  concept.  Errors  in  the  deiived  LOS  rate  result  from  errors  in  the  seeker  and 
inertia'  senscr  outputs  and  the  processing  of  these  signals.  Common  types  of  errors  and 
tneir  approximate  magnitudes  are  the  subject  of  the  next  section. 

3.2  Seeker  and  Inertial  Sensor  Models  and  Errors 

The  Tajor  component  errors  fall  into  three  broad  classes: 

(1)  linearity  or  gain  errors:  radome,  receiver/detector,  phase  shifter, 

gyro  scale  factor  and  dynamics 

(2)  random  errors  thermal  noise,  glint  nr  apparent  target 

motion,  gyro  noise 

(3)  offsets:  seeker  boresioht  errors,  gyro  offsets 

or  drift 

The  other  errors,  such  as  c  ro  s  s  -  cou  p  1  i  r,  g  ,  sampling  rate,  break-lock  or  blind  range  can 
be  shown  to  be  of  secondary  importance,  except  in  extreme  cases.  Most  of  the  various 
seekers  studied  have  common  characteristics  and  errors  such  that  a  generalized  seeker 
model  could  be  formed.  This  model,  shown  in  Figure  4,  contains  the  errors ■ menti oned 
above  along  with  FOV  limits  and  various  models  for  thermal  noise  and  resolution  or  radome 
distortion.  Both  methods  of  generating  LOS  rates,  'additive  rate  compensation"  and 
"beam  steering"  can  be  simulated,  depending  on  which  is  appropriate  to  the  seeker  in 
question.  Typical  values  for  the  linearity  errors  of  strapuown  seekers  range  from  1.0 
milliradian  for  resolution  and  phase  shifter  quantization,  3.0  to  6.0  milliradians  for 
radome  distortion  at  high  incidence  angles,  and  gain  or  scale  factor  errors  of  up  to 
10  percent.  The  gain  errors  are  often  a  function  of  signal  level  end  ’.ocation  of  the 
target  within  the  field-of-view. 

For  the  inertial  sensors,  the  same  three  tyoes  of  errors  exist  except  that  the  offset 
is  in  general  a  function  of  missile  accelerations.  The  linearity  errors  are  considerably 
sma'ler  for  a  gyro  than  fo  a  typical  seeke*-,  and  tne  same  is  hie  of  noise  sources.  For 
example,  the  magnitudes  of  these  errors  for  an  attitude  Cyro  are:  linearity  error  ( ^  1  i  )  , 
g- s  e  n  s ;  f.  i  ve  drift  (+.025  degree  per  second  per  g).  and  noise  (O.l  degree  rms).  The  rate 
gyro  has  similar  characteristics  of  linearity  error  (♦!'),  offset  (Hi  full  scale)  and 
noise  ( I  full  scale  rms).  In  addition,  rate  gyros  have  frequency  characteristics  which 
are  usually  modelled  as  second  order  dynamics.  Natural  frequencies  in  the  range  of  100 
to  600  ra d i ans / second  can  generally  be  assumed,  while  the  damping  factors  vary  widely 
from  unit  to  unit  and  also  with  temperature. 

3.3  tTors  in  the  Derived  Line-of-Sight  Rate 

Each  of  tne  component  errors  causes  a  corresponding  error  in  the  derived  LOS  rate, 
although  the  sensitivity  to  each  error  source  is  affected  to  some  degree  by  the  method 
of  generation  of  the  LOS  rate.  Gain  or  linearity  errors  cause  components  of  the  missile 
tody  rate  in  the  LOS  rate,  which  cause  stability  problems  and  errors  in  the  effective 
ravigation  gain.  Random  errors  in  the  seeker  and  rate  gyro  cause  random  errors  in  the 
LCS  rate  with  a  resulting  loss  of  accuracy.  Finally,  component  offsets  or  biases  can 
Cause  o+fsets  in  the  derived  line-of-sight  rate  depending  on  their  location  with  respect 
to  the  derivative  network.  Offsets  in  the  LOS  rate  also  result  in  degradation  of  miss 
distance  and  some  increase  in  required  maneuverability. 

Tne  stability  problem  due  to  gain  or  linearity  errors  in  the  seeker  is  considered  the 
most  serious  impediment  to  mechanizing  proportional  navigation.  For  reasonable  naviga¬ 
tion  gains  and  system  bandwidth;,  seeker  ga;n  erro+s  as  lew  as  2  to  4  percent  can  make 
some  systems  completely  unstable.  The  f • equency  of  the  instability  is  often  relatively 
high  ;e.q.,  4  to  8  Hz)  making  many  gain  correction  or  parameter  estimation  concepts 
jnworkaD1 e.  The  underlying  reasons  for  the  stability  problem  can  be  explained  with  tne 
aid  of  Figure  5.  To  form  an  inertial  LOS  rate  from  the  seeker  error  angle,  <,  and  rate 
gyro  output,  r,  the  gyro  output  is  integrated  and  added  to  f.  The  resulting  LOS  angle 
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Figure  5.  Formation  of  Yaw  LOS  Rato  with  Rate  Gyro  for  8TT  Weapon 


is  then  differentiated  to  yield  A'r.  Proportional  navigation  is  implemented  by  generating 
an  acceleration  command  proportional  to  the  LOS  rate  A'r  using  a  navigation  gain  (4Vc/  1845) 
Notice  that  feedback  of  body  motion,  in  this  case  the  yaw  rate  (r't  occurs  through  the 
seeker  and  rate  gyro  paths.  If  the  seeker  and  gyro  are  perfect,  then:  Ks  =  Kg  =  1.0  and 
the  two  paths  exactly  cancel.  If  the  seeker  gain,  Ks  ,  is  qreater  than  the  gyro  gain.  Kg, 
then  there  will  be  a  net  negative  feedback  of  body  rate  which  can  have  a  destabilizing 
effect  on  the  system.  The  specific  example  presented  in  Figure  5  is  for  the  yaw  channel 
of  a  bank-to-turn  weapon  at  a  nominal  flight  condition. 

To  analyze  the  stability  of  tins  system,  assume  that  the  homing  loop  (Ay/Ny)  is  open, 
as  is  essentially  true  at  long  t  ir.es- to-go  before  impact.  The  static  open  loop  gain  is 
a  function  of  the  gain  difference  (Ks-Kr,).  This  represents  a  stationary  target  case  for 
a  i  r- 1 o- s u r f ace  weapons  or  beam  aspect  in  air-to-air  engagements.  The  locus  of  closed 
loon  poles  is  shown  in  Figure  6  as  a  function  of  the  percent  scale  factor  error,  i . e  .  , 
[h-s-Kg]  x  100  percent.  Note  that  the  system  becomes  unstable  for  scale  factor  or  gain 
errors  of  greater  than  <3.38  percent  or  less  than  -1.29  percent,  and  the  frequency  of  the 
instability  ranges  from  approximately  10  to  49  radians  per  second.  Even  at  gain  errors 
somewhat  below  these  critical  levels,  the  system  damping  may  be  too  low  for  accurate 
honi ng . 

This  extreme  sensitivity  is  a  r.ajor  problem  in  view  of  the  fact  that  seeker  hardware 
exhibiting  errors  up  to  10  percent  is  not  uncommon.  The  sensitivity  can  be  reduced  by 
increasing  the  maneuverability  of  the  weapon  (e.g.,  the  lift  coefficient,  (. )  or  by 
lowering  the  system  bandwidth.  •  Figure  7  indicates  that  if  the  bandwidth  could  be  lowered 
to  less  than  1C  ra d  i  a  ns/ second  ,  significant  increases  in  the  tolerance  to  errors  could  be 
realized.  T  h  r  graph  indicates  the  critical  seeker  scale  factor  as  a  function  of  the 
derivative  network  corner  frequency  \  .  but  for  air-to-air  missions,  such  bandwidths 
mate  the  missile  too  sluggish  for  high  accuracy.  Even  for  a  i  r - 1 o - s u r f a c e  weapons,  lower¬ 
ing  two  system,  hanriwldtn  or  navigation  gain  is  generally  not  a  satisfactory  approach. 

Another  effect  of  seeker  gain  errors  is  a  change  In  the  effective  navigation  gain  from 
tne  design  value  (Tigure  8).  However,  even  for  seeker  scale  factor  errors  as  high  as 
•10  percent,  the  navigation  gain  is  still  in  the  range  of  3  to  6.  Clearly  this  effect  is 
less  serious  than  the  stability  problem  considered  above. 
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Figure  8.  Navigation  Gain  Sensitivity  to  Seeker  Gain  Errors 


4.  STUDY  RESULTS 

A  solution  to  these  proolerrs  is  a  aither  adaptive  concept  For  measuring  the  seeker 
transfer  Function  at  a  particular  operating  point.  This  is  accomplished  by  dithering 
the  missile  body  sinusoidally  in  both  pitch  and  yaw  axes,  and  comparing  the  dither  compon¬ 
ents  in  both  the  seeker  and  gyro  outputs.  The  seeker  output  is  then  adjusted  to  compen¬ 
sate  for  any-  di S c repanc i es  .  Simulation  evaluation  has  shown  that  the  system  is  tolerant 
to  relatively  large  seeker  and  gyro  errors,  such  as: 

(1)  static  seeker  scale  factor  errors  of  *50  percent 

(2)  rate  gyro  scale  factor  errors  of  up  to  +5  percent 

(3!  seeker  error  slopes  of  up  to  +.05  degrees  per  degree 

The  use  of  a  geometric  transformation  based  on  seeker  error  angles  to  transform  the  rate 
gyro  signals  inti  1  i  ne- o  f  -  s  i  gh  t  axes  allows  the  use  of  f  i  e  1  ds  -  o  f  -  v  i  ew  approaching  +_90 
degrees.  For  al r- to-surface  wpapons  with  small  f 1  el ds-o f- v 1 ew  ,  this  may  not  te  necessary. 
The  dither  adaptive  concept  does  require  dithering  the  airframe  at  frequencies  above 
20  radians/second  (-3  Hz)  to  avoid  significant  components  of  dither  In  the  inertial  LOS 
rate.  Peak-to-peak  amplitudes  of  6  to  8  times  the  resolution  or  noise  levels  of  the 
seeker  provide  sufficient  dither  s ignal - to-noi se  ratio  for  proper  operation  of  the  adap¬ 
tive  system.  This  translates  into  a  dither  amplitude  of  ’•ouyhly  +^0.25  degree  for  1.0 
mllliradlan  resolution  levels.  Missile  motion  of  this  amplitude  has  little  effect  on 
maneuverability  or  range  performance  and  only  moderate  increases  in  the  actuator  rate 
requirements.  The  dither  adaptive  concept  makes  the  use  of  strapdown  seekers  feasible 
for  both  a i r- 1 o- s u r f ace  and  air-to-air  weapons  with  accuracy  comparaole  to  systems  with 
gi  mb  ailed  seeke  +  s.  Additional  wort,  is  needed  to  apply  the  concept  to  bark-tn-turn  missiles 
which  execute  roll  raneuvers  at  h  i  <■  h  rates.  The  basic  features  and  operation  of  the  adap¬ 
tive  concept  are  described  below  along  with  the  results  of  the  Simulation  evaluation. 

4.1  Features  of  the  Dither  Adaptive  Concept 

The  Inputs  to  the  adaptive  sy  s  tenAa  re  .  the  .  see  ke  r  error  angles  (  fyh  and  fzbi  And  the 
missile  body  rates  from,  rate  gyros  (pb,  q'b ,  Hb)  as  shown  In  the  generalized  system  block 
diagram,  (Figure  9).  Alternately,  attitude  gyros  could  be  employed  In  place  of  rate  gyros 
for  the  Inertial  -eference.  The  outputs  #o f  the  adaptive  system  are  the  derived  or 
estimated  inertial  1  1  me-  n  f  -  s  f  gh  t  rates  (Xyb.X’zb).  Missile  body  rates  are  transformed 
into  appropriate  LOS  coordinate  systems  and  then  integrated  so  that  they  can  be  compared 
to  and  combined  with  the  respective  seeker  prror  angle.  The  transformation  matrix  is  In 
general  seeker  hardware  dependen*.  When  ccnbined  with  the  seeker  angles,  the  incremen  +  ai 
body  motion  angles  (  APjA  ,  A^L  OS  !  yield  inertial  LOS  angles  in  the  l. OS  axes.  After  passing 
through  t hi e  notch  filters  to  remove  residual  dither  components,  and  the  derivative  net¬ 
works  to  form  LOS  rates,  these  signals  are  transformed  back  into  body  coordinates.  These 
inertial  LOS  rates  with  respect  to  body  a»es  (^'yh’Xzi,)  are  then  In  the  proper  form  for 
mechanizing  proportional  navigation  with  conventional  autopilots.  This  concept  has  the 
distinct  advantage  of  requiring  minimum  changes  to  existing  autopilots  designed  to  utilize 
glnballed  seekers.  The  most  significant  element  of  the  block  diagram  is  labelled 
"Adaptive  Networks".  It  is  these  networks  which  compare  the  sinusoidal  dither  component' 
present  in  the  seeker  and  gyro  signals  and  generate  the  gain  correction  factors  {  Ky  ,  K,). 

The  operation  of  the  adaptive  networks  will  be  explained  with  the  aid  of  the  pitch 
channel  block  diagram  found  in  Figure  10.  Notice  that  the  two  input  signals  (Bj,  Nj)  ere 
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filtered  Identically  to  form  signals  *8,  and  whicl.  are  proportitina.l  to  the  amplitudes 
of  the  respective  dither  components.  The  ratio  of  these  signals  is  the  gain  correction 
( K  i )  required  In  the  seeker  output  to  make  the  gains  of  the  seeker  and  gyro  paths  equal. 
Therefore,  when  the  two  signals  are  summed,  no  potentially  destabilizing  feedback  of  body 
rate  can  occur.  The  bandpass  f 1  1  tens  are  employed  to  amplify  the  dither  signal  ,  while 
the  low  pass  filter  (wlp)  rejects  the  second  harmonic  of  the  dither  frequency  (sup). 

Second  harmonics  can  be  generated  in  the  transformation  of  rate  gyro  signals  from  body  to 
LOS  axes  since  these  involve  multiplications  of  signals  containing  dither.  Also  shown  Is 
the  dither  command  signal  to  the  autopilot  (qn).  The  automatic  gain  control  (AGC)  cir- 
icuits  are  designed  to  maintain  a  constant  ditner  amplitude  on  the  seeker  detector  by  moni¬ 
toring  the  dither  output  of  the  gyro.  By  maintaining  this  constant  amplitude,  a  satisfac¬ 
tory  dither  signal -to- noise  ratio  is  assured. 

To  generate  a  signal  proportional  to  the  amplitude  of  the  dither  signal  from  the  dither 
signal  itself,  a  detection  concept  based  on  the  Fourier  Transform  of  the  signal  was 
developed.  This  Fourier  Transform  Filter  Algorithm  is  shown  In  block  diagram  form  in 
figure  10.  Fnr  a  periodic  Input,  x(t),  of  period  T,  the  outputs  et x  and  bx  are  the  coef¬ 
ficients  for  the  fundamental  or  first  harmonic  of  the  Fourier  series  of  the  Input.  In 
this  case,  the  period  T  will  be  the  period  of  the  dither  signal  (T  =  2n Aup) .  since  the 
dither  signal  Is  the  desired  signal  and  all  else  is  "noise".  The  gain  K*  Is  then  the 
amplitude  of  the  dither  component  of  the  input,  and  Is  its  phase  with  respect  to  the 
reference  dither  signal.  The  phase  difference  between  the  seeker  and  gyro  channel  could 
thus  be  determined  by  taking  the  difference  between  the  4>x  quantities  for  the  respective 
channels.  However,  during  the  current.  Study,  it  was  assumed  that  the  bandwidths  of  both 
seeker  and  gyro  greatly  exceed  the  dither  frequency,  making  the  phase  correction  unneces¬ 
sary.  If  the  seeker  characteristic  is  essentially  nonlinear  in  nature,  the  Kx  and  <t>x 
become  the  gain  and  phase  of  the  describing  function  for  that  nonlinearity.  The  running 
average  is  shown  over  "k"  periods  of  the  dither,  where  k  =  1  yields  the  fastest  speed  of 
response,  but  n.ultiole  period  averaging  does  provide  better  rejection  of  noise  and  other 
di sturbances . 

The  1  1  ne-of  -  s  i  qht  acceleration  (X“)  correction  network  was  made  necessary  because  the 
Fourier  Transform  yields  a  non-zero  output  for  ramp  type  inputs.  Bjt  the  desired  output 
is  zero  for  any  input  except  a  sinusoidal  signal  at  the  dither  frequency.  A  ramp  type 
input  can  result  if  the  seeker  error  angle  (*?[,)  has  a  LOS  acceleration  component  (  A"z )  , 
since  the  banopass  filter  in  the  adaptive  network  is  essentially  a  derivative  network. 

The  correction  network  measures  the  slope  of  the  input  signal  by  taking  the  difference 
in  the  average  input  over  two  overlapping  periods,  and  adding  a  ramp  of  the  same  slope 
but  opposite  sign  to  offset  the  ramp  component  of  the  input. 

The  performance  Of  the  Fourier  filter  network  is  indicated  In  Figure  11,  which  shows 
the  filter  inputs  and  outputs  during  the  first  second  of  a  simulated  flight.  Notice  that 
the  output  is  equal  to  the  amplitude  of  the  input  as  desired,  and  that  the  accuracy  is 
particularly  good  if  the  amplitude  of  the  input  does  not  change  greatly  during  a  single 
cycle.  The  performance  of  the  adaptive  network  for  a  seeker  scale  factor  error  of  +  10 
percent  was  computed  for  one  second  time  intervals  with  various  target  maneuvers.  The 
theoretical  steady  state  adaptive  network  output  equals  (1. 0/1.1)  ■=  0.9091.  The  time 
history  (Figure  12)  indicates  a  rise  time  to  90  percent  of  the  steady  state  value  in  less 
than  one  period  of  the  dither,  (t~.074  sec),  with  an  error  in  the  steady  state  of  less 
than  0.5  percent.  The  steady  state  performance  is  independent  of  LOS  accelerations 
caused  by  target  maneuvers  at  short  range  and  also  independent  of  missile  motion  occurring 
after  guidance  initiation. 

4.2  Pe r f o rma nee  o  +  the  Dither  Adaptive  System 

The  most  meaningful  performance  criteria  for  the  adaptive  system  is  the  difference 
between  the  derived  1 i ne-of-s i ght  rate  and  the  true  inertial  10S  rate.  These  differences 
in  general  will  degrade  the  ability  of  the  weapon  to  impact  the  target.  Therefore,  miss 
distance  becomes  anotner  useful  performance  criteria.  A  comparison  of  the  derived  and 
true  LOS  rates  for  a  bank-to-turn  weapon  in  a  short  range  engagement  is  presented  in 
Figure  13.  For  this  tail-on  aspect  against  a  9g-  aircraft  target,  the  LOS  rates  begin 
snail  and  increase  as  the  engagement  progresses.  Notice  that  the  derived  LOS  rate  is 
approximately  equal  to  the  inertial  rate  except  for  3  delay  caused  bv  the  40  rad/sec  hand- 
width  of  the  derivative  network  (  i  .  0  .  ,  Wp  £  d  -  40  rad/ sec  in  Figure  9).  The  transient 
which  begins  shortly  after  2.5  seconds  of  flight  is  due  to  the  burn-out  of  the  rocket 
metor.  The  static  seeker  scale  factor  error  for  this  case  was  +10  percent.  However, 
performance  is  relatively  independent  of  this  error  as  seen  in  Figure  14.  The  accuracy 
and  speed  cf  response  of  the  adaptive  networks  arc  not  affected  by  the  seeker  scale  fac¬ 
tor  ( Ks  in  Figure  Si  until  this  seeker  oa i n  becomes  so  small  that  the  dither  sional  can 
no  longer  be  adequately  detected.  for  the  case  shown,  which  was  for  a  skid-to-turn 
weapon ,  this  occurs  for  scale  factors  of  less  than  0.20.  This  corresponds  tc  a  scale 
factor  error  of  -80  percent.  This  is  almost  an  order  of  magnitude  greater  than  the 
largest  expected  error. 

But  seek  t  gain  c ha r a c t e r  i  s 1 1 c s  are  not  completely  linear  and  therefore  have  errors 
in  local  slope  across  the  f i e 1 d - 0 f - . i ew .  The  ability  of  the  adaptive  networks  to  compen¬ 
sate  for  these  errors  is  a  function  0  +  nissile  body  ratPS  and  the  dither  frequency,  which 
control  tne  rate  0'  rh ange  of  the  seeker  error  and  the  speed  of  the  adaptive  process, 
respectively.  The  high  rol  1  rates  of  some  bank-to-turn  weapons  makes  the  application  of 
this  cc-.icept  somewhat  more  difficult  than  for  skid-to-turn  weapons.  Therefore,  because 
of  t hi e  sensitivity  to  missile  body  rates,  it  is  difficult  to  be  definitive  about  the 
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ability  of  the  adaptive  process  to  handle  nonlinearities,  but  error  slopes  or  the  order 
of  .05  to  .20  degree  per  degree  have  beer  successfully  employed. 

Another  basic  seeker  error  source  is  the  effective  resolution  of  the  seeker  which  can 
be  represented  by  amplitude  quantization  (figure  15).  This  error  degrades  the  capability 
of  the  seeker  to  detect  the  sinusoidal  motion  of  the  missile  body.  If  the  peak-to-peak 
amplitude  (A0)  of  body  motion  is  divided  by  the  effective  resolution  (Sf  )•  then  this 
ratio  equals  the  number  of  resolution  elements  averaged  in  a  cycle  of  the  dither.  fig¬ 
ure  15  Indicates  that  this  ratio  must  be  at  least  6  to  10  for  satisfactory  performance. 
This  plot  was  generated  using  a  constant  dither  amplitude  (A0)  of  0.40  degree  peak-to- 
peak  and  varying  the  seeker  resolution.  A  ratio  of  8.0  corresponds  to  an  effective 
resolution  of  about  1.0  ml  1 1 1 ra d i an ,  which  is  within  the  state  of  the  art  for  seeker 
hardware.  To  produce  dither  amplitudes  of  approximately  +.20  degree  at  a  frequency  of 
40  radians/sec  will  require  body  rates  of  +8  degrees  per  second.  This,  in  turn, ‘will 
increase  the  required  rate  capability  of  the  missile  actuator  system  by  a  modest  amount. 


o  5  10  15 


Resolution  Factor  (A@/6() 


figure  15.  Sensitivity  to  Seeker  Resolution  Effects 


5.  CONCLUSIONS 

The  results  of  the  two  Air  force  contracts  indicate  that  a  dither  adaptive  concept 
makes  the  use  of  strapdcwn  seekers  feasible  for  air-to-air  and  a  i  r- t o- s u r f a ce  weapons. 

The  accuracy  of  such  systems  can  be  comparable  to  that  of  gimballed  seekers  based  on  sim¬ 
ulations  of  a  number  of  different  types  of  weapons  and  seekers.  The  accuracy  required  of 
the  strapdown  seekers  and  inertial  sensors  is  moderate  and  the  increase  in  actuator  rates 
to  dither  the  airframe  is  not  excessive.  Digital  Implementation  of  the  adaptive  system 
appears  to  be  necessary  due  to  the  required  multiplications,  divisions,  and  geometric 
transformations.  In  addition,  the  required  tolerances  on  dither  frequency,  notch  filter- 
parameters,  and  system  gains  precludes  analog  mechanization.  The  concept  has  the  advan¬ 
tage  of  requiring  minimum  modifications  to  autopilots  designed  to  employ  proportional 
navigation  with  gimballed  seekers.  This  is  due  to  the  fact  that  the  outputs  are  inertial 
1 i ne - o f - s i gh t  rates. 

Future  studies  will  include  other  approaches  to  solving  the  problems  associated  with 
strapdown  seekers,  with  emphasis  on  missile  performance  in  high  "g"  engagements,  with 
cjrrent  sensor  limitations  and  passive  seekers.  Modern  control  and  estimation  theory, 
for  example,  may  yield  a  more  flexible  solution  in  the  long  rim. 

Existing  or  near  term  seeker  hardware  for  a  i  r- 1  o- s  u  r  f  a  c  e  missions  includes  passive 
radar  seekers,  correlators,  semi-active  laser  seekers,  and  imaging  infrared  seekers.  Fo+ 
air-to-air  weapons,  the  active  radar  seeker  with  conformal  antenna  appears  to  be  the  most 
appropriate  near  term  configuration. 

The  advantages  of  strapdown  seekers  over  those  with  two-axis  gimbals  should  make  them 
attractive  for  many  applications.  These  advantages  include  increased  reliability  with  the 
elimination  of  moving  parts,  unlimited  1 i ne- o f - s ight  rate  capability,  and  the  elimination 
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ABSTRACT 

The  current  approach  for  guided  weapon  avionics  Is  to  use  custom  digital  computational  elements 
connected  together  with  large  cables.  If  these  computational  tasks  can  be  partitioned  Into  common  tasks, 
and  If  standard  interfaces  can  be  defined,  It  would  promote  Interchangeable  missile  guidance  and  control 
components  and  enhance  interoperability.  The  Digital  Integrating  Subsystem  (DIS)  Program  is  a  current 
Air  Force  Armament  Laboratory  effort  to  establish  these  standards  and  procedures.  The  contractor  is  General 
Dynamics  Convair  Division. 

In  the  Digital  Integrating  Subsystem  concept,  the  total  data  processing  requirements  of  a  typical 
standoff  weapon  are  met  by  utilizing  a  number  of  individual  microcomputers  that  communicate  with  each  other 
on  a  serial  multiplex  hus  -  the  number  of  microcomputers  being  dependent  uDon  the  total  data  processing 
work  load  of  the  weapon.  Each  microcomputer  is  tasked  to  do  calculations  associated  with  a  particular 
avionics  function.  Once  the  computations  are  completed,  the  results  are  "broadcast"  on  the  multiplex  bus. 
Each  computer  also  listens  for  only  the  data  It  requires  on  the  bus.  This  serial  multiplex  bus  is  referred 
to  as  the  "Digital  Integrating  Subsystem  Multiplex  Bus"  or  DISMUX  Bus. 

The  protocol  and  signal  levels  on  the  DISMUX  Bus  are  well  defined  in  a  draft  MIL  standard.  The  draft 
MIL  standard  defines  the  electronic  interfaces  and  also  de.-ines  the  straightforward  data  structures  that 
are  used  for  inter  computer  communication.  When  this  standard  is  a<  ted,  it  will  ullow  comoonents  built 

by  different  manufacturers  to  operate  together  with  a  minimum,  of  ir  face  coordination  of  either  harcVare 

or  software. 

The  sixteen  bit  DIS  computers  have  up  to  64K  words  of  memory,  four  standard  interface  cards,  and  are 
housed  in  150  cubic  inches.  As  the  maturity  of  the  various  avionics  'ubs.vstems  develops,  these  computers 
could  become  embedded  within  Lhe  Subsystem  themselves  and  no  longer  ist  as  individual  components. 

Connection  tc  the  aircraft  store1'  management  bus  is  via  a  MIL-. .D-1553B  interface.  Where  the  carrier 

aircraft  is  not  equipped  with  a  MIL  Standard  1553B  interface,  a  set  of  analog/discrete/digital  interfaces 
peculiar  to  the  signal  and  data  protocol  of  the  host  aircraft  can  be  easily  implemented  in  a  single  input/ 
output  card  of  one  of  the  DIS  computers.  This  s;n)le  DIS  computer  then  transmits  any  of  the  aircraft 
interface  data  to  any  of  the  other  DIS  processors  which  may  require  information  from  the  host  aircraft. 

All  operational  software  is  being  written  in  the  Air  Force  Standard  High  Order  Language,  JOVIAL  J73. 

This  paper  presents  system  design,  details  on  the  interface  characteristics,  and  a  progress  report  on 
the  construction  of  brassboard  un '  s. 


1.  INTRODUCTION 

Conventional  standoff  rissiles  suffer  from  many  of  the  same  problems  which  are  present  -In  today's  air¬ 
craft.  These  problems  relate  to  the  large  number  of  cables  and  wires  which  ore  required  to  transmit  the 
various  guidance  signals  about  the  vehicle,  and  the  proliferation  of  custom  computer'  with  their  programs 
written  in  many  different  assembly  languages.  This  situation  has  caused  a  situation  nere  it  is  almost 
impossiDle  to  have  I'eoningfui  competition  in  missile  modification  contracts.  Softw  e  maintenance  is 
extremely  difficult  and  it  severely  hampers  the  abil‘ty  to  integrate  components  fr  various  NATO  countries. 
The  Air  Force  aircraft  avionics  community  has  addressed  these  areas  by  the  adoption  of  several  MIL 
standards;  namely;  MIL-STD-1553B,  MiL-STD- 1589A ,  uni  MIL-STD-1750.  Tne  basic  concepts  presented  in  these 
aircraft  avi„.  ics  standards  can  be  used  as  guides  by  missile  avionics  designers  in  many  common  areas  of 
concern . 

Inere  are,  however,  significant  differences  between  the  aircraft  and  tactical  missiles  which  would  pre¬ 
vent  the  complete  adoption  of  the  aircraft  standards  by  the  missile  designers.  The  Digital  Integrating 
Subsystem  (DIS)  Program  has  evaluated  these  aircraft  standards  and  adapted  MU. -STD- 1553 ,  which  describes  the 
aircraft  time  division  conmand/response  Multiplex  Data  Bus,  for  missile  use.  MIL -STD-1589A ,  which  describes 
the  JOVIAL  language,  is  appropriate  and  has  been  adopted  in  its  entirety. 

MIL-STD-1750.  x.hich  describes  a  government-owned  instruction  set  architecture,  was  evaluated  in  detail. 
However,  at  the  time  the  Digital  Integrating  Subsystem  contract  was  let,  no  contractor  found  it  technically 
feasible  to  be  able  to  implement  the  MIL-STD-1750  instruction  architecture  in  the  Small  amount  of  soace 
available  for  a  federated  processor.  The  use  of  custom  hybrids  was  deemed  inappropriate  to  the  ultimate 
development  of  a  very  low  cost,  easy  to  compete,  federated  processor.  For  that  reason,  our  selected 
approach  utilized  a  commercial  microprocessor  chip  that  would  ultimately  be  available  in  a  military  version 
with  appropriate  quality  levels.  At  the  point  in  time  the  MIL-STD-1750  instruction  architecture  becomes 


vailable  on  a  single  microprocessor  chip,  the  adaptation  of  the  chip  into  the  D1S  processors  would  be  a 
reasonably  straightforward  task.  When  that  chip  is  available,  it  will  be  evaluated  for  mlsflTe  use. 

2.  COMPUTATIONAL  REQUIREMENTS 

Tactical  standoff  missiles  being  designed  today  have  surprising  computational  requirements.  In  fact, 
it  is  easy  to  find  missile  designs  where  the  tasks  to  be  done  exceed  those  of  the  central  computer  on  an 
aircraft.  This  is  due  to  the  tasks  such  as  navigation,  target  location  and  classification,  guidance, 
homing,  and  fusing  which  must  be  done  without  the  aid  of  a  pilot.  Early  attempts  at  standoff  missile 
computer  design  used  a  single  computer  to  control  and  monitor  the  function  of  several  analog  subsystems. 

As  the  advantages  of  all-digital  systems  became  obvious,  manufacturers  expanded  and  sped  up  their  central 
computers  to  handle  more  functions. 

The  ownership  cf  a  complex  and  ultra-fast  central  computer  provides  significant  benefits  for  its 
manufacturer  at  a  much  higher  ultimate  o  t  to  the  government.  These  machines  usually  are  custom  built 
for  a  particular  missile.  Therefore,  spare  parts,  expansions,  and  modifications  to  the  computer  must  be 
sole  sourced  to  the  designer.  Also,  it  is  unlikely  that  a  high  order  programming  language  f HOL )  compiler 
is  available  for  this  custom  computer.  If  no  HOL  compiler  exists,  then  it  Is  mandatory  to  program  the 
computer  in  Its  custom  assembly  language.  It  is  very  difficult  to  maintain  or  modify  someone  else's 
assembly  language  program.  If  that  assembly  language  is  not  common  or  familiar  to  those  maintaining  or 
modifvinq  the  weapon  software,  then  Sny  ctTange  must  be  sole  sourced  to  the  original  programmer.  Even 
though  it  is  undesirable  from  a  customer's  viewpoint  to  use  assembly  language,  the  use  of  a  central  computer 
may  also  necessitate  the  use  of  assembly  language  programming  due  to  the  limited  amount  of  available 
processor  time  when  compared  to  the  large  processing  load. 

A  typical  central  computer  may  be  required  to  run  at  two  million  operations  per  second  or  more.  To 
reach  this  speed  today  requires  a  bit-slice  or  similar  design  approach.  Most  assembly  languages  developed 
for  commercial  computers  of  this  type  are  copyrighted  and  not  available  for  competitive  procurements.  An¬ 
other  problem  is  that  a  high  order  language  compiler  that  is  within  ]0i  of  being  as  speed  and  memory 
efficient  as  an  assembly  language  program  is  usually  very  expensive  and  beyond  the  capability  of  either 
the  government  or  the  industrial  contractor  to  fund  for  a  custom  central  computer  application.  Since 
different  manufacturers  are  prohibited,  from  the  copyright  infringement  point  of  view,  from  using  each 
others  instruction  sets,  each  manufacturer  attempts  to  build  his  own  unique  architecture.  This  prolifera¬ 
tion  of  architectures  would  also  require  a  proliferation  of  compilers  if  the  Air  Torce  attempted  to  program 
these  multiple  archi tectures  in  the  same  high  order  language.  Maintenance  of  these  many  compilers  would 
also  be  a  prohibitive  task. 

An  alternative  to  the  use  of  a  central  computer  is  to  distribute  the  tasks  to  several  Independent 
computers  which  may  operate  at  lower  speeds.  These  computers  may  be  tightly  coupled  where  they  share 
memory  or  some  other  component  and  carry  out  program  tasks  in  full  knowledge  of  the  activity  of  the  other 
tasks  involved,  or  they  can  be  loosely  coupled  over  some  input  or  output  port  and  have  little  knowledge  of 
the  activity,  or  even  the  existence  of  other  tasks. 

Loosely  coupled  or  federated  computers  have  the  advantage  of  modular  programs  which  are  not  affected 
by  programs  in  the  other  computers.  A  program  need  only  know  what  Inputs  to  expect  and  what  outputs  to 
provide.  With  this  modular  arrangement,  one  program  can  be  changed  without  affecting  the  other  programs. 
This  separation  may  be  implemented  with  a  central  command  computer,  or  it  may  be  Implemented  with  a  round- 
robin  protocol. 

Size,  weight,  power,  and  cost  are  critical  concerns  to  a  missile  which  must  be  designed  within  the  ccn- 
straints  of  range,  number  carried  on  the  host  aircraft,  autonomous  operation,  and  the  eventual  destruction 
of  thp  vehicle.  For  this  reason  the  addition  of  a  command  computer  with  Its  rather  large  command-response 
program  is  not  economically  justified.  Therefore,  the  federated  approach  was  selected. 

One  goal  of  the  DIS  Program  is  to  provide  standards  ard  specifications  for  modular  computers  and  their 
interfaces  to  promote  the  interenangeabi lity  and  interoperability  of  the  subsystems  used  in  future  tactical 
missiles.  If  a  comouter  has  standard  hardware  and  software  interfaces,  then  a  new  subsystem  meeting  these 
standards  can  easily  be  exchanged  for  an  existing  subsystem. 

3.  ACVANTAGES  OF  DIS 

By  using  the  DIS  approach  to  standard  interfaces  and  standard  interconnection  of  federated  computers 
we  can  achieve  significant  benefits  of  modularity  and  interchangeability  of  components.  This  allows  us  the 
opportunity  to  use  components  from  cne  manufacturer  in  a  missile  bu'lt  by  another.  Thus,  we  can  have  full 
partnership  with  our  NATO  neighbors,  with  each  country  able  to  contribute  the  technology  It  best  knows. 

For  instance,  a  terminal  seeken  with  a  DIS  interface  built  in  Europe  can  be  easily  electrically  and  data 
Structure  compatible  with  a  missile  built  in  the  USA.  If  a  new  technology  then  makes  it  possible  to  sig¬ 
nificantly  increase  the  seekers  accuracy,  new  seekers,  built  by  a  manufacturer  in  a  third  country  could  be 
easily  interchanged  for  the  previous  ones. 

The  ■: ! S  approach  allows  components  previously  used  ir.  a  missile  to  be  used  in  the  design  of  a  new 
missile.  Inis  can  significantly  reduce  the  cost  and  the  time  reauired  for  the  new  design. 

Figure  I  shows  a  conf igura; ion  of  the  guidance  electronics  of  a  typical  long  range  standoff  weapon- 
rare  we  have  shown  five  computers;  the  rubber  and  their  function  depend  upon  systems  engineering  decisions 
nade  at  the  tire  the  missile  is  designed.  One  of  the  required  concept  design  studies  of  the  weapon  will 
determine  the  nui-ber  of  tasks  to  be  done  and  the  logical  grouping  of  those  tasks.  This  study  also  deter¬ 
mines  the  partitioning  of  the  required  tasks  considering  the  partitioning  of  other  similar  sized  missiles 
so  that  advantage  can  be  taken  of  existing  components  and  programs.  The  partitioning  of  the  tasks  shown 
below  assun.es  the  following  activities  in  each,  computer.  (A  key  Point  to  remember  when  reading  each  of 
the  tasks  is  that,  in  the  R15  concept,  the  operating  system  in  every  computer  is  the  same  -  only  the 
application  software  is  depenoert  upon  the  task  assignment  of  a  particular  processor}. 
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SUP  -  Supervisor  Computer  -  This  computer  is  tasked  with  communicating  with  the  host  aircraft  and 
translating  ressages  going  to  or  from  it.  The  SUP  computer  also  handles  engine  controls,  telemetry  (if 
applicable)  and  fusing  functions.  !n  the  DIS  concept,  each  airborne  computer  contains  an  operating  system 
that  can  drive  many  independent  software  tasks.  These  tasks  can  be  set  into  execution  either  based  on  time, 
event,  or  data  supplied  to  the  processor.  The  software  in  the  SUP  computer  just  described  would  include 
all  of  the  software  necessary  to  interface  the  signal  protocol  of  the  host  aircraft  (usually  one  task)  and 
rebroadcast  any  data  needed  by  other  computers  on  the  bus.  Other  individual  software  tasks  would  then 
handle  the  other  functions  mentioned.  In  most  missiles  this  computer  may  be  combined  with  the  01 g i ta 1 
Autopilot  Computer. 

IN R  -  Inertial  Reference  Computer  -  This  computer  interfaces  to  the  inertial  measurement  unit  ( IMU ) 
and  performs  the  calculations  necessary  for  the  strapdown  algorithm.  The  I NR  computer  operates  in  con¬ 
junction  with  the  guidance  and  navigation  computer  when  operating  in  the  Unaided  Tactical  Guidance  (UTG) 
mode  which  is  being  discussed  in  another  paper.  The  software  in  the  I NR  and  GAN  computer  are  depended  upon 
the  IMU  and  the  mission  type. 

GAN  -  Guidance  and  Navigation  Computer  -  This  unit  Is  responsible  for  giving  the  commands  to  alter 
tne  missile's  direction  so  that  a  predetermined  flight  path  is  made  to  t.he  target.  This  computer  also  per¬ 
forms  the  calculations  necessary  for  the  Kalman  filter  used  with  UTG.  In  addition  to  the  software 
dependencies  shown  above,  this  software  must  contain  mission  dependent  parameters. 

NAM  -  Navigation  Aiding  Management  Computer  -  This  computer  is  included  when  there  is  an  update 
source  to  correct  the  inertial  oositlon.  [f  no  update  source  is  to  be  used,  this  unit  can  be  removed  from 
the  bus.  The  NAM  computer  is  used  to  perform  those  calculations  which  are  required  by  the  update  source, 
such  as  calculating  ihe  position  from  ti^e  delay  inputs  from  a  Global  Positioning  System  (GPS)  or 
correlating  inputs  with  TEP.CQm  naps.  The  NAM  software  is  mission  and  source  dependent, 

CAP  -  Digital  A. topi  lot  -  This  device  is  sirpi  v  another  computer  or  a  task  in  the  SUP  programmed 
to  issue  PIN  commands  to  cause  the  desired  vehicle  motion.  The  DAP  software  is  dependent  upon  the  dynamic 
characteristics  of  the  missile. 

Each  of  these  devices  is  shown  as  a  separate  computer.  If  a  subsystem  has  its  own  computational  capa¬ 
bility  ard  can  connect  oirectly  to  the  bus,  this  is  not  necessary.  In  the  figure  v/e  have  the  terminal 
seeker  connected  that  way.  Each  subsystem  communicates  over  the  OISM'JX  bus  in  exactly  the  same  manner. 

Let  us  now  consider  c  ral  alternative  subsystems  and  their  connection  to  the  0 1 SM'JX  bus. 

If  we  replace  the  previous  terminal  seeker  with  a  new  one  which  also  has  an  update  capability,  we 
simply  discornect  the  old  update  device  and  terminal  seeker  and  connect  the  new  device.  When  t.he  new 
software  is  leaded,  we  are  ready  to  begin  checkout  of  the  new  configuration. 
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If  we  have  a  requirement  to  change  the  type  of  inertial  measurement  unit  to  one  which  also  has  its  own 
computer,  it  need  only  have  a  DIS  bus  interface  unit  (8IU). 

Probably  one  of  the  most  significant  advantages  Is  the  ability  to  change  interface  cards  and  software 
to  interface  to  a  new  type  of  aircraft.  Thus,  If  the  required  information  Is  available  at  the  missile 
connector,  there  Is  a  powerful  computer  already  on  board  to  perform  the  necessary  protocol  transformation. 
This  flexibility  allows  rapid  transfers  of  a  new  weapon  to  existing  aircraft. 

A  major  advantage  of  the  bus  concept  not  innediately  apparent  If  the  ease  of  testing  of  a  vehicle  built 
around  this  concept.  The  ground  checkout  equipment  is  simply  connected  to  the  bus  as  one  more  computer 
terminal.  If  particular  functions  are  missing  during  the  test  sequence,  then  the  ground  checkout  system 
can  be  programmed  to  emulate  more  than  one  terminal  nn  the  bus  and  place  the  missing  messages  on  the  bus 
to  facilitate  the  checkout  of  the  remaining  portions  or  the  vehicle.  The  test  set  can  also  be  programed 
to  operate  in  a  totally  listening  mode  simply  monitoring  the  output  messages  or.  the  bus  end  relating  the 
state  of  the  vehicle  to  the  operator. 

During  test  flights,  the  telemetry  system  can  be  easily  connected  to  the  DISWjX  bus  and  not  only 
telemeter  the  various  analog  and  digital  commands  within  the  vehicle  but  also  the  data  sets  from  the 
multiple  digital  processors  as  they  put  their  "answers"  on  the  bus. 

4.  DIS  COMPUTERS 

To  validate  the  DIS  specifications,  a  brassboard  computer  has  been  developed.  The  original  aoal  of  the 
DIS  project  was  not  to  develop  a  standard  computer,  but  the  synergistic  combination  of  the  requirements  and 
advances  in  the  state-of-the-microprocessor-art  have  produced  a  computer  which  is  very  near  to  the  leading 
edge  of  technology . 

The  DIS  computer  described  here  is  a  ISO  cu.  inch  (2460  CO)  unit  (see  Figure  2)  which,  if  necessary, 
could  be  repackaged  to  a  smaller  size  for  production  use  in  a  mini  missile.  In  its  present  design,  which 
has  no  hybrids  or  custom  devices,  it  can  be  used  for  intermediate  and  cruise-type  missiles,  remotely  piloted 
vehicles,  and  aircraft. 
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The  driving  force  behind  the  design  has  been  the  use  of  commercial ly  available  parts  wii  h  meet  i ■  i  1 i t a > ■ 
specifications.  The  selection  of  all  parts  was  based  on  their  availability  from  at  least  two  commercial 
sources . 

the  computer  is  based  on  the  Zilog  Z3002 ,  16  bit,  single  chip  "itcro-compoter .  it  car  addrotc  up  to  66t 
words  of  RfiTOry.  The  DIS  computer  volume,  including  case,  power  supply.  4  irput 'output  (I'D)  cards,  CrU 
and  full  memory  is  150  cu.  in.  (2460  CC;.  Standard  I/O  cards  include  parallel,  serial,  nt'A,  !-,:'L-_T-15F.'r 
and  DIS  multiplex  bus  (BID).  Any  combination  of  these  cards,  including  4  DMA  c<rris,  may  be  placed  in  the 
4  I/O  slots.  An  analog  to  digital  and  digital  to  analog  card  will  be  available  soon.  The  complete  urm1 


dissipates  60  watts  of  28  volt  power. 
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When  executing  a  mix  of  Instructions  which 
operations  per  second.  Z i log  has  committed  to 
laboratory  tests  of  the  DIS  computer  have  been 
Unen  using  a  6  MHz  chip,  the  DIS  computer  runs 


are  typical  of  missile  uidance,  its  throughput  is  350K 
produce  a  6  MHz  and  possibly  a  10  MHz  CPU  chip.  In  fact, 
run  in  excess  of  6  MHz  at  a  temperature  of  80  degrees  C. 
at  524K  operations  per  stvui.J. 


The  28002  advantages  stem,  from  an  expected  production  of  more  than  one  million  devices  per  year,  an 
additional  US  manufacturer  (AMO),  a  European  manufacturer  (SGS),  and  a  Japanese  manufacturer  (Sharpl,  a 
wide  user  base,  many  existing  and  planned  support  Chips,  and  a  large  Instruction  set  (416  instructions) 
designed  for  HOI  use.  At  the  time  of  this  writing  a  free  license  agreement  is  about  to  be  signed  which 
will  grant  the  US  Department  of  Defense  the  right  to  use  the  28001  and  Z8002  instruction  set  for  weapon 
Systems  and  their  support  systems.  This  significant  agreement  will  allow  other  manufacturers  to  build 
Z3000  copies  for  weapons  systems  This  means  that  a  conr.on  instruction  set  can  be  used  for  the  range  of 
computers  from  simple  4  or  5  chip  devices  to  the  very  high  speed  bit-slice  multiprocessors. 


5.  ALTERNATIVE  CONFIGURATIONS 

The  missile  shown  in  the  previous  figure  appears  fairly  complicated  when  compared  with  many  designs. 

The  question  then  is,  "Is  DIS  advantageous  for  smaller  designs?"  Our  answer  to  that  question  Is  yes. 

Even  if  only  one  or  two  computers  are  required,  the  advantages  of  standard  Interfaces  to  subsystems  and 
familiar  program modules  are  very  significant. 

The  DIS  concept  has  been  extended  to  a  Class  0  machine  for  .iust  such  uses.  Where  the  DIS  computer 
described  in  this  paper  is  expected  to  cost  about  $5,000.00  each,  in  production,  the  Cla^s  0  computer  is 
designed  to  cost  less  than  $2,000.00.  This  type  machine  would  be  used  in  vehicles  such  as  dispensers, 
smart  bombs,  and  very  small  missiles.  The  Class  0  machine  does  not  initially  have  the  complete  Interface 
flexibility  of  a  Class  I  or  Class  II  0IS  computer,  but  the  interfaces  it  does  have  are  of  standard  format. 
With  only  one  computer  in  a  vehicle,  it  is  not  necessary  to  have  a  DIS  B IU  for  communication  with  other 
computers.  However,  a  special  internal  connection  allows  a  Class  0  conputer  to  be  attached  to  a  BUI  or 
1553  Bus  and  thus  communicate  with  any  other  subsystem  or  launch  aircraft.  Even  though  we  have  Stripped 
down  our  Class  0  computer  to  its  bare  essentials,  it  is  still  able  to  be  made  totally  compatible  with 
other  guidance  subsystems. 

The  Class  0  computer  uses  the  same  CPU  and  is  completely  software  compatible  with  the  DIS  Class  I  and 
Class  II  computers. 

6.  STANDARD  INTERFACES 

In  order  to  facilitate  the  interchange  o'  subsystems  and  computers,  the  DIS  project  is  also  developing 
standard  interface  specifications.  The  following  represents  an  outline  of  these  interfaces.  Copies  of  the 
specifications  may  he  obtained  from  the  authors. 

Tne  parallel  interface  allows  the  transmission  of  16  bits  of  information  t.o  or  frrm  the  computer  in 
parallel  transfers.  Hands, lake  signals  allow  the  per-ipneral  device  to  notify  the  computer  of  the  need  to 
transmit  data  and  signals  which  allow  the  computer  or  the  peripheral  device  to  irdicate  data  reception. 

Data  transfers  can  proceed  at  the  rate  of  up  to  250,000  transfers  per  second. 

The  serial  transfer  interface  has  similar  handshake  signals  to  the  parallel  interface,  but  data  is 

transferred  as  a  serial  bit  stream.  This  transfer  of  16  data  bits  and  a  parity  bit  may  proceed  at  a  rate 

Of  uo  to  400,000  bits  per  second. 

The  direct  recory  access  (DMA)  interface  allows  transfer  of  16  bit  data  words  directly  to  or  from 

memory,  without  processor  intervention  after  initial  setup.  Tnese  transfers  can  occur  at  a  rate  of  up  to 

500,000  transfers  per  second. 

The  M1L-3TD-1S53S  interface  is  intended  for  use  in  data  transfer  to  and  from  the  carrier  aircraft. 

This  existing  Mil  Standard  is  .mandated  'or  use  in  all  future  US  military  aircraft.  It  is  also  contained 
in  the  proposec  "'L-STC-  1760  for  aircraft  store's  management  interfaces.  Data  transfers  through  this  inter 
face  take  the  form  of  16  bit  data  words  with  3  synchronization  nits  and  one  parity  bit.  Serial  transfers 
occur  at  a  1  MHz  rate.  There  is  extensive  handshaking  and  command- response  protocol. 

The  DIS  serial  multiplex  interface  is  similar  in  word  structure  to  that  of  KIL-STO-I553B,  but  the 
protocol  is  different.  Each  unit  or  the  bus  follows  the  end  of  transmission  from  the  preceding  known  unit. 
In  effect,  each  bus  interface  unit  (Bit1)  knows  who  it  follows  (see  Figure  3).  When  a  fill)  decodes  the  end 
o‘  transni ss icr.  from  its  predecessor .  it  then  transmits.  Fach  Bid's  order  of  Li'anxmissi  on  consists  of  a 
beginning  of  message  word,  up  to  32  data  words,  and  an  end  of  transmission  word.  If  a  given  ts I U  has 
messages  frem  more  than  one  task,  (each  task  normally  has  its  own  legimiirq  of  message  word)  then  a  new 
beginning  of  message  word  may  he  embedded  in  the  string  of  data  words.  When  the  Bid  was  completed  the 
transmission  of  »’l  its  -es sages  or  the  ~a>’,r.up  of  32  words,  it  sends  an  end  of  transmission  (EOT)  mtssaoe. 

part  o'  this  EOT  is  the  njnfcer  of  the  Bid  which  sent  it.  Each  3 IU  connected  to  the  bus  is  programed  to 
respond  to  tne  preceding  Bit1  number,  when  a  51U  receives  its  preceding  EOT  >t  is  triggered  to  respond, 
if  it  dees  no*  Nave  data  to  send,  it  simply  transmits  an  EOT  with  us  number  in  it,  thus  triggering  the 
next  B I U .  By  this  scheme  each  B I L"  connected  to  the  bus  is  given  an  opportunity  to  transmit  during  cavil 
round  of  tna  connected  units.  Since  the  data  transmitted  cn  the  bus  is  already  processed,  the  bus  is 
normally  lighted  loaded  (<&'•)  in  every  application  analyzed  date. 
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Figure  3 


A  message  transmitted  by  one  B IU  may  be  captured  by  any  of  the  computers  On  the  bus  (see  Figure  4). 

Wnen  a  program  or  subsystem  is  changed,  other  programs  need  not  be  changed  so  long  as  the  new  program  re¬ 
quires  and  produces  the  same  types  of  data.  For  example,  the  mldcourse  update  subsystem  may  be  changed 
from  tactical  TLRCOM  to  Gp$  so  long  as  both  systems  require  inertial  reference  Inputs  and  both  output 
geographic  position. 

In  the  presert  laboratory  and  brassboard  systems,  a  firmware  program  on  one  mux  Interface  card  (not 
CPU  Interactive)  checxs  to  determine  if  each  81'J  on.  the  bus  transmits  in  sequence.  If  one  BIU  does  not 
respond  for  any  reason,  tnen  this  supervisor;  BIU  restarts  the  loop.  Each  BIU  performs  without  processor 
intervention  to  place  desired  messages  in  memory  before  interrupting  the  CPU. 

This  scheme,  referred  to  as  round-robin-passing-protocol,  was  developed  through  a  Joint  effort  of  the 
Armament  Laboratory  and  the  Charles  Stark  Draper  Labs.  It  has  been  validated  in  laboratory  tests  at 
i.g  1  in  AFB,  and  is  now  being  tested  In  flightworthy  units  by  the  contractor.  General  Dynamics  Convair 
Division.  General  Dynamics  has  found  the  implementation  of  the  OIS  round  robin  passing  protocol  to  be 
extremely  straightforward  and  easy  to  learn.  The  implementation  of  the  bus  Interface  unit  takes  only  about 
30  electronic  components.  Test?  to  date  Indicate  an  essentially  error  free  environment  is  easily  achieved 
nn  the  direct  coupled  DISML'X  bus  (early  BI'J  logic  designs  exhibited  a  bit  error  rate  of  less  than  one  in 
ter.  to  the  eleventh  transmitted  bits). 

Round  robin  protocol  has  been  show"  to  be  more  efficient  than  command  response.  This  Is  Important 
who, i  .avigation  data  art  being  transferred.  More  efficiency  is  also  achieved  by  eliminating  the  need  for 
a  computer  to  run  the  executive  program.  Round-robin  protocol  Is  also  more  advantageous  than  contention 
schemes  because  of  its  near  100  percent  probability  of  message  reception. 

An  even  more  relevant  point  regarding  the  round-robin  passing  protocol  is  that  the  housekeeping  and 
timing  problems  associated  with  developing  ojs  controller  software  are  completely  eliminated.  Since  each 
rror.es sor  outputs  answers,  when  computed,  orto  the  bus  for  reception  by  any  desired  user,  the  using  pro¬ 
gram  always  has  access  to  the  latest  possible  data  since  it  will  usually  be  In  a  "wait"  state  awaiting 
receipt  of  the  latest  data  set.  The  operating  systems  in  each  individual  computer  provide  the  double 
buffering  between  the  bus  Interface  unit  message  decoding  function  and  the  application  program  using  func¬ 
tion.  Mo  task  in  any  computer  has  to  be  interrupted  to  transmit  data  to,  or  to  receive  data  from,  another 
application  task.  This  Is  a  significant  software  development  (and  missile  integration)  advantage. 
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7.  SOFTWARE 

All  the  software  for  the  DIS  computer  is  being  written  in  JOVIAL  J73  according  to  MIL-STD-1589A.  This 
Includes  a  JOCIT  compiler  husted  on  an  IBM  360/370  and  the  operating  system  In  the  DIS  computers.  The 
1 inwing  loader  and  assembler  are  hosted  on  a  diagnostic  station  based  on  the  PDP  11/34.  A  JOCIT  cede 
generator  for  the  11/34  (RSA-11M)  Is  also  provided.  A  code  generator  option  produces  Z8000  code  which  can 
be  loaded  through  a  comrerclal  38000  development  station. 

Tne  CIS  project  Is  closely  following  the  development  of  ADA,  the  new  standard  HOL.  The  DIS  computer 
is  one  of  tne  first  targets  for  the  Air  Force  ADA  compiler. 

The  operating  system  of  the  DIS  computers  is  as  relevant  to  the  federated  computer  concept  as  are  the 
other  elements  mentioned  previously.  The  operating  system  for  the  DIS  computers  handles  all  Interrupts, 
processes  all  data  requests  (both  intra  computer  and  inter  computer),  schedules  the  multiple  tasks  within 
a  computer  (up  to  256  separate  tasks),  and  formats  all  of  tho  Input/oufrut  messages  going  to  end  from  the 
Input/output  cards.  The  operating  system  also  includes  the  software  necessary  to  Interface  with  the 
monitor  software  resident  on  the  ground  checkout  station  so  that,  while  an  airborne  task  Is  In  the  process 
of  executing,  memory  calls  can  be  observed  and/or  irodllied,  a  capability  which  Is  absolutely  necessary  when 
developing  real  time  operational  software.  The  monitor  software  In  the  DOS  In  conjunction  with  the  operating 
system  can  also  start,  stop,  single  step,  and  observe  any  of  the  registers  in  the  Z8000  microprocessor. 

8.  STATUS 

The  Air  lorce  is  now  under  contract  to  General  Dynamics  to  produce  25  flight  Qualified  DIS  computers 
for  use  i r.  a  flight  demonstration  test  program.  Units  are  also  being  procured  to  use  In  hardware-ln-the- 
lor.p  simulations  ir  the  Ars ament  Laboratory's  simulation  lab.  Two  complete  diagnostic  stations  will  also 
te  delivered.  These  units  are  scheduled  to  be  delivered  over  a  seven  month  period  starting  in  July  1980. 

The  cortract  also  includes  JOVIAL  code  generators  for  the  DIS  computers  and  diagnostic  station  to  be 
delivered  In  November,  and  a  complete  operating  system  and  linking  loader  to  be  delivered  at  the  same  time. 

The  specifications  for  the  standard  interfaces,  the  DIS  system  and  the  DIS  computers  have  been  pub- 
1  ished . 
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9.  CONCLUSION 

The  Digital  Integrating  Subsystem  Is  attempting  to  facilitate  the  modularity  of  tactical  guided  weapon 
electronics  through  the  use  of  standaro  interfaces.  These  concepts  are  now  being  tested.  This  project 
should  simplify  future  design  and  modifications  of  missile  electronics,  and  promote  Interoperability  of 
subsystem  components. 
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INDUSTRY  LCW-COST  INERTIAL  GUIDANCE  SYSTEM  DEVELOPMENT 


by 

Warren  K.  Stob 

Le'r  Siegler  Inc,  Grand  Rapids  Mich 
and 

Dr.  Thomas  K.  Wu 

U.S.  Air  Force  Armament  Test  Laboratory,  Eglin  AFB,  Florida 


SUMMARY 

The  necessity  for  an  adverse  weather,  standoff  launch  and  leave  capability  in  both 
powered  and  unpowered  guided  weapons  has  led  to  development  programs  for  a  low  cost  iner¬ 
tial  guidance  subsystem  by  the  United  States  Air  Force  (USAF).  The  subsystem, 
initialized  via  a  prelaunch  maneuver  sequence  to  permit  transfer  alignment  and  inertial 
sensor  calibration,  is  used  to  provide  midcourse  inertial  guidance  to  a  terminal  acquisi¬ 
tion  basket  or  it  can  be  used  with  periodic  update;  provided  by  other  subsystems  such  as 
Global  Positioning  System  (GPS),  Radiometric  Area  Correlator  (RAC),  or  Terrain  Contour 
Matching  (TERCOM)  for  improved  accuracy  on  extended  range  missions. 

Tills  paper  describes  the  history  of  the  Low  Cost  Inertial  Guidance  System  (LCIGS) 
concept  development  and  the  design  features  of  the  Industry  LCIGS  configuration. 


HISTORY  AND  INTRODUCTION 


Two  programs  were  initiated  by  the  Air  Force  Armament  Test  Laboratory  (AFTAL)  in 
>976  after  previous  surveys  revealed  that,  although  many  missile  guidance  systems  were 
available,  none  met  the  USAF  performance  and  cost  goals  required  tor  the  next  generation 
of  standoff  tactical  weapons. 

The  first  program.  Tactical  Inertial  Performance  Requirements  Analysis  (TIPRA), 
identified  the  requirements  for  a  variety  of  tactical  missions  and  quantified  the  Iner¬ 
tial  sensor  performance  requirements  for  a  Low  Cost  Inertial  Guidance  System  (LCIGS). 
|1,  2|  The  second  program  was  the  award  of  a  contract  to  the  Charles  Stark  Draper  Labora¬ 
tory  (CGDL)  to  provide  a  nonproprietary  baseline  LCIGS  design  incorporating  low-cost 
modular  concepts  with  a  Production  Unit  Cost  (PUC)  goal  of  $10,000  in  F.Y,'76  dollars. 
CSDL  also  provided  a  baseline  design  for  test  equipment  which  permits  rapid  factory 
calibration  and  simplified  depot  level  repair  of  the  LCIGS. 

CSDL  chose  to  implement  the  LCIGS  in  a  strapdown  system  configuration  using  mature 
si ng le-degree-o f- freedom  rate  integrating  gyros  and  force  rebalanced  accelerometers  of 
modest  performance  characteristics  !1-to-5  deg/hr  and  1 00-to-200 ug  turn-on  to  luru-on 
repeatability).  The  key  feature  ot  this  baseline  design  included  the  utilization  of 
imbedded  microprocessors  for  sensor  control,  modeling,  and  data  processing.  Thir  feature 
permits  the  use  of  multi-sourced  sensors  in  the  same  system  without  impacting  either 
electronic  or  mechanical  interfaces  or  data  processing.  Thus,  each  proprietary  instru¬ 
ment  is  specified  to  meet  a  normalized  sensor  module  interface  so  that  the  highest  cost 
elements  in  the  system  may  be  procured  competitively. 

The  CSDL  LCIGS  Program  was  completed  in  1979.  The  results  of  the  program  included  a 
complete  set  of  design  specifications,  a  brassboard  system  configured  for  the  GBU-19 
glide  bomb,  and  a  set  of  Peculiar  Support  Equipment  (PSE).  (3,  4) 

In  1979,  AFATL  initiated  a  program  to  demonstrate  digital  weapon  guidance  technolo¬ 
gy.  Tne  core  of  this  demonstration  is  the  Midcourse  Guidance  Demonstration  ( MGD )  Program 
which  will  demonstrate  an  all-digital  weapon  concept.  Within  this  context,  LCIGS  repre¬ 
sents  a  central  avionic  subsystem  providing  basic  functions  for  an  integrated  weapon 
system.  The  various  associated  AFATL  subsystem  developments  and  studies  that  include 
elements  of  this  overall  weapon  concept  are:  Digital  Integrating  Subsystem  (DIS),  Radio- 
metric  Area  Correlation  Guidance  (RACG),  Tactical  Global  Positioning  System  Guidance 
( TGPSG ) ,  and  Unaided  Tactical  Guidance  (UTG). 

To  support  MGD,  the  LCIGS  Program  entered  the  second  phase  of  development  in  1979 
with  the  award  of  a  competitively  determined  contract  to  Lear  Siegler,  Inc.  (LSI)  to 
validate  the  CSDL  baseline  concepts  and  deliver  five  systems  for  laboratory  and  flight 
test i ng . 

successful  transition  of  the  CSDL  LCIGS  technology  and  its  aggressive  PUC  goals  to 
the  Industry  LCIGS  Program  required  the  retention  of  several  design  concepts.  These 
included  use  of  digital  gyro  torquing;  inertial  sensor  interchangeability)  use  of  mature, 
low  risk  inertial  sensors;  sensor  control  and  compensation  via  microprocessors;  and  com¬ 
patibility  with  rapid  system  test  and  calibration  features  via  the  CSCL-developed  PSE. 
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The  transition  was  accomplished  by  a  complete  review  of  the  design  specifications 
and  drawings  for  both  hardware  and  software  provided  by  the  CSDL  contract  and  by  close 
coordination  with  the  Industry  LCIGS  Associate  Contractors  for  the  UTG  and  DIS  Programs 
(Mcl'onnell  Douglas  Astronautics  -  St  Louis,  and  General  Dynamic s/Con vair  -  San  Diego, 
respectively) . 

The  transition  also  included  added  considerations  to  provide  a  modular  design  ap¬ 
plicable  to  multiple  weapons,  use  of  MlL-approved  parts,  inclusion  of  a  totally  integral 
power  supply  and  parallel  autopilot  output,  incorporation  of  current  technology  micro¬ 
processors,  a  strong  emphasis  on  low  cost  through  application  of  advanced  but  demonstra¬ 
ted  production  techniques,  and  increased  multiple  source  procurement  of  inertial  sensors. 
A  system  design  is  now  complete  which  maintains  all  features  of  the  brassboard  configura¬ 
tion  in  25%  less  volume  and  30%  less  weight  while  incorporating  the  integral  28  VDC  power 
supply,  A  comparison  of  the  basic  design  feat-ures  are  provided  in  Table  1;  a  functional 
block  diagram  of  the  Industry  LCIGS  is  shown  in  Figure  1. 

This  block  diagram  illustrates  that  the  Industry  LCIGS  retains  a  distributed  pro¬ 
cessing  architecture  in  two  basic  module  functions.  Within  the  gyro  loop,  angular  rate 
is  sensed,  digitized,  and  preprocessed  by  the  gyro  processors  imbedded  in  each  of  the 
three  gyro  channels.  The  gyro  channel  output,  partially  compensated  *&s,  is  transmitted 
to  the  service  processor  via  a  two-way  parallel  bus  structure  where  the  data  is  addition¬ 
ally  corrected,  formatted,  and  transmitted  serially  to  the  external  DIS  or  PSE.  In  the 
accelerometer  loop  the  acceleration  is  sensed,  digitized  via  the  analog-to-f requency 
(A/F)  converters,  stored  in  accumulators,  and  transmitted  directly  to  the  service  proces¬ 
sor  for  processing  similar  to  that  of  the  gyro  channel. 

The  service  processor,  as  the  second  basic  processing  module  function,  collects  the 
inertial  sensor  data,  and  provides  corrections  to  this  data  based  on  sensed  temperatures 
and  on  electronics  thermal  characterization  information  stored  in  Electrically  Alterable 
Read-Only  Memory  (EAROM).  The  corrected  .iss  and  ovs  are  output  at  a  100-Hz  rate  over  the 
serial  data  channel.  Additionally,  the  service  processor  outputs  uncorrected  ae  s  and  -V s 
at  a  400-Hz  rate  for  autopilot  use,  communicates  with  the  gyro  processors  to  initialize 
the  system  at  power  turn-on  or  reset,  interprets  and  implements  commands  from  the  DIS  or 
Peculiar  Support  Equipment  (PSE),  and  controls  sensor  heaters  for  optimum  warm-up  and 
thermal  stabilization. 

The  EAROW  data  base  permits  use  of  multi-sourced,  moderate  performance  inertial 
sensors  by  allowing  storage  of  specific  correction  terms  and  error  coefficients  for 
design  parameters  and  empirically  determined  performance  characteristics.  This  key 
feature  of  the  LCIGS  development  provides  system  performance  accuracy  previously  unobtain¬ 
able  from  inertial  systems  utilizing  sensors  of  this  cost  and  performance  classification. 

The  Industry  LCIGS  which  has  been  designed  for  production  is  shown  in  Figure  2;  a 
typical  complement  of  inertial  sensors  which  may  be  used  are  shown  with  it. 


Table  1  -  LCIGS  Configurations 


Item 

CSDL  LCIGS 

LSI  LCIGS 

Volume 

506  in3  (8.3.) 

375  in3  (6. K  ) 

Weight 

23.25  lbs.  (10.5 Kg ) 

16  lbs.  ( 7 . 3 Kg  ) 

Power  -  Heaters 

-  Operating 

1 15V,  400  Hz:  1000  Watts 
Missile  Inv.:  80  Watts 

115V,  400  Hz :  500  Watts 

+28  VDC:  75  Watts 

Thermal  Design 

Forced  Air  Convection  and 
Conduct  ion 

Conduction 

Angular  Rate  Input 

±150  deg/sec. 

±150  deg/sec. 

Acceleration  Input 

i  1 0g 

±  1  Og 

Output  Resolution 

Serial  @  100  Hz 

:  3  sec. 

;-.V:  1  cm/sec. 

:  3.3  sec. 

v  •  1  cm/sec. 

Parallel  a  400  Hz 

None 

3.3  sec . 

.. V:  0.2  5  cm/sec. 

Circuit  Cards 

1  3 

8 

electronic 

CtROS 


CONNECTOR 

a  p-ltep 

MODULE 


MODULE 


Figure  3  -  LCIGS  Structural  Explosion 

sensor  modules  are  attached  on  one  end  o £  the  structure;  the  electronic  cards  are  con¬ 
tained  within  the  structure  as  illustrated.  Minimum  repair  and  assembly  time  is  accom¬ 
plished  by  utilization  o£  the  plug-in  assemblies. 

Each  of  the  three  interchangeable  gyro  modules  contains  a  rate  integrating  gyro¬ 
scope,  a  thermal  sensor,  a  module  heater,  and  normalization  electronics  required  to 
provide  a  standard  electronic  interface  to  the  system. 

The  accelerometer  triad  module  contains  an  orthogonal  set  of  linear  force-rebalanced 
accelerometers,  thermal  sensors,  and  a  heater.  It  is  installed  on  the  structure  adjacent 
to  the  Z  gyro  module. 

The  LCIGS  electronics  are  packaged  on  eight  printed  circuit  cards.  The  circuit 
allocation  for  each  card  was  selected  to  optimize  overall  system  size,  functionality,  and 
cost.  The  cards  contain  integral  heat  sinks  and  use  either  glass-epoxy  or  laminated 
aluminum  core  construction  as  dictated  by  thermal  and  reliability  design  criteria.  The 
cards  are  interconnected  with  other  system  modules  via  a  mother  board  located  in  the 
bottom  of  tne  electronic  compartment.  The  card  functional  description  is  provided  in 
Table  2. 


THERMAL  DESIGN 

Key  elements  in  the  attainment  of  system  performance  goals  include  pre-launch  ther¬ 
mal  control  for  optimum  inertial  sensor  error  estimation  and  post-launch  compensation  of 
sensor  outputs  via  the  microprocessor.  Ambient  of  -54'C  to  +71 ’C  are  specified  for  LCIGS 
with  significant  changes  during  a  single  period  of  operation.  Most  missiles  have  no 
environmental  control  system  and  limited  power  available  during  the  free  flight  phase. 
These  factors  dictated  the  design  of  a  fast  warm-up  mode  with  heaters  using  aircraft 
power  during  captive  flight. 
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Table  2  -  Circuit  Card  Function  Allocation 


Card 

Function 

A 1 

Gyro  Torquer  Electronics  (2  Gyros) 

A2 

Gyro  Torquer  Electronics  (1  Gyro),  Torquer  Common 

Logic,  Gyro  Pick-off  Excitation  and  Output  Sample/ 

Hold  (3  Gyros). 

A3 

Gyro  Processor  (3  Gyros) 

A4 

Service  Processor,  Parallel  I/O. 

A5 

Service  Processor,  Serial  I/O,  EAROM 

A6 

Accelerometer  A/F  Converter  (3  Accels.),  Converter 
Accumulators. 

A  7 

System  Timing,  Spin  Motor  Supply,  Temperature  Sensor 

Multi plexer . 

PSI 

rower  Supply 

To  optimize  the  system  warm-up  characteristics,  a  234-node  thermal  model  was  gen¬ 
erated.  Dy  simulation,  using  this  model,  the  optimum  size  and  placement  of  heaters  was 
determined  and  the  cooling  characteristics  during  the  post-launch  period  were  defined. 
As  a  result,  the  heaters  on  the  inertial  sensors  are  controlled  by  the  service  processor 
to  obtain  a  nominal  60"C  LCIGS  temperature  within  15  minutes  in  a  -54’C  ambient.  In  high 
temperature  environments,  adequate  cooling  is  provided  conductive]'/  through  the  primary 
structure.  Use  of  only  MIL-approved  parts  provides  adequate  thermal  margin  for  system 
reliability  over  all  temperature  extremes.  Several  features  of  the  thermal  design  con¬ 
cept  are  noteworthy. 


a.  Elimination  of  a  cooling  fan.  The  selected  mechanical  configuration  and  the  use 
of  aluminum-cored  electronic  cards  as  determined  by  the  thermal  model  permitted 
increased  capability  for  conductive  cooling  of  the  electronic  assemblies.  In  a 
+55*C  ambient,  the  maximum  circuit  card  temperature  at  the  time  of  missile 
launch  will  not  exceed  +85'C. 


b.  Multimode  heater  control.  Optimization  of  the  transient  response  of  the  system 
is  obtained  by  incorporating  low  range  (-54*C  to  -20*C),  mid-range  1-20’C  to 
+  20”C ),  and  high  range  (+20”C  to  -*-55"C)  heater  control  algorithms  in  ty,e  service 
processor.  The  processor  samples  the  actual  temperature  of  the  X  gyto  and  the 
system  ambient  at  approximately  10-second  intervals  and  uses  a  predictor  algo¬ 
rithm  to  control  the  power  applied  to  the  sensor  heaters.  This  concept  mini¬ 
mizes  power  consumption  and  provides  both  coarse  and  fine  thermal  control  of  the 
critical  elements  without  the  use  of  trim  heaters  previously  employed.  Provi¬ 
sions  are  also  included  to  allow  application  of  heater  power  without  operation 
of  the  inertial  sensors.  This  feature  allows  improved  thermal  stabilization  of 
the  LCIGS  prior  to  initiating  the  transfer  alignment  sequence.  • 

Even  with  this  improved  thermal  control  technique  for  limiting  the  dynamic  range  of 
operational  temperatures,  precision  temperature  compensation  of  the  inertial  sensor  out¬ 
puts  is  applied  continuously  to  achieve  the  ultimate  performance. 


The  service  processor,  using  temperature  data  from  each  inertial  sensor  and  it's 
corresponding  electronics,  and  the  measured  inertial  sensor  thermal  sensitivities,  com¬ 
putes  the  bias,  scale  factor  and  loop  gain  corrections.  These  corrections  are  updated 
every  10  seconds.  No  correction  algorithms  are  valid  for  the  complete  LCIGS  operating 
temperature  range  but  maximum  compensation  accuracy  is  obtained  when  the  sensor  and  elec¬ 
tronic  temperature  is  between  +  10*C  and  +65*C. 


INERTIAL  SENSOR  CHARACTERISTICS 

Charles  Stark  Draper  Laos  (CSDL)  prepared  a  generic  procurement  specification  for 
the  LCIGS  inertial  sensors.  The  specifications  were  based  on  the  performance  require¬ 
ments  determined  in  the  TIPRA  program,  and  were  compiled  by  a  survey  of  vendor-supplied 
data  on  available  components  that  demonstrated  both  performance  and  a  volume  production 
cost  history.  These  generic  specifications  are  summarized  in  Tables  3  and  4. 


Table  3  -  Gyro  Specification  Summary 


We  ignt 

Input  Power 

Drift.  Rates 


G-Insensitive :  Absolute 

G- Inser.si  t  ive :  Turn-on  Repeatability 

G-Sensitive:  Absolute 

G-Sensitive:  Turn-on  Repeatability 

Random 


Command  Rate 


Continuous 

Max  imum  (2  Sec. ) 

Accuracy:  T’urn-or  Repeatability 


Run-Up  Time 
warm-up  Time 
Environmental 


Temperature  (Operating! 
Temperature  (Non-operating) 
Vibration 


Shock 

Magnetic  Fields 


1 0 . 5  oz  (300  grams) 

26  VAC,  800  Hz,  20  Mtr , 
8  VAC,  2. 4  KHz  PO 


100 */h 
4*/h 
25“ /h/ g 
4"/h/g 

0 . 1  5 */h  (!--) 


80“/s 
150*/s 
300  ppm 

30  Seconds  ( Max. ) 
5  Minutes  (Max , ) 


- 20 ‘ C  to  +100“C 
-62*C  to  +9 5*C 
MIL-E-5400,  Figure  2 
M IL-STD- 810,  0.04  g2/Hz 

30  g' s ,  ll  ms 
10  Gauss 


Table  4  -  Accelerometer  Specification  Summary 


Characteristic 


Weight 

Input  Power 

Bias:  Absolute 

Bias:  Turn-on  Repeatability 

Scale  Factor  Accuracy 
(Turn-On  Repeat ab l 1 i t y ) 

Warm-Up  Time 

Envi ronmental 

Temperature  (Operating) 
Temperature  (Non-operating) 
V.bration 


Shock 

Magnetic  Fields 


Uni  ts 

3.5 

cz  ( 

100  grams) 

(Max .  ) 

115 

VDC 

5  mg 

300 

u  g 

300 

ppm 

1  Mi 

nute 

(Rax. ) 

-20“ 

C  to 

+  90*C 

-62“ 

C  to 

+  90  “C 

MIL- 

E-S4 

00,  Figure 

2; 

MIL- 

STD- 

810 ,  0.04  g 

2/Hz 

30  g 

l' s, 

1  1  ms 

10  G 

lauss 
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Within  a  basic  class  of  sensors,  however,  design  details  of  the  various  vendors 
result  in  small  but  significant  variations  in  both  cost  and  specific  performance  charac¬ 
teristics.  To  demonstrate  sensor  interchangeability,  the  Industry  LCIGS  will  be  tested 
with  sensors  from  three  different  established  vendors: 

Gyroscopes:  Lear  Siegler,  Honeywell,  Timex 

Accelerometers:  Lear  Siegler,  Sundstrand,  Systron-Donner 

Extensive  testing  is  in  progress  on  the  sensors  from  these  vendors.  The  purpose  of  these 
tests  is: 

a.  To  establish  the  degree  to  which  the  sensors  meet  the  specified  performance  and 
reliability  requirements 

b.  To  determine  the  parameter  coefficients  to  be  utilised  by  the  LCIGS  processors 

c.  To  identify  any  significant  performance  differences  which  may  allow  selective 
procurement  for  the  most  cost  effective  solution  to  future  mission  requirements 
within  the  framework  of  the  LCIGS  configuration 

d.  To  provide  a  standardized  method  to  evaluate  available  sensors.  For  this  pur¬ 
pose  relevant  tests  such  as  gyro  drift  are  being  conducted  in  both  analog  and 
digital  closure  loops  to  establish  correlation.  This  will  allow  analog  mode 
acceptance  tests  by  various  vendors  that  will  assure  specified  performance  when 
the  gyros  are  operated  in  the  digital  rebalance  mode. 

The  testing  of  a  large  number  of  sensors  over  a  long  period  of  time  is  being  accom¬ 
plished  by  using  commercially  available  Data  Acguisition  Systems  (DAS).  The  systems, 
with  specially  prepared  software  programs,  allow  simultaneous  tests  of  multiple  sensors, 
automatic  data  reduction,  printout  of  test  results,  and  automatic  control  over  the  test 
equipment.  A  DAS  and  rate  table  for  gyroscope  evaluation  is  shown  in  Figure  4.  The 
tests  being  performed  on  a  minimum  of  three  sensors  from  each  vendor  are  shown  in  Tables 
S  and  6. 


Figure  4  -  Gyroscope  Test  Station 
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"able  5  -  Gyroscope  Tests 


MEASUREMENT 


Mechanxcal  Inspection 
Electrical  Inspection 


Warm-up  Characteristics 


Dimensions,  weight,  seal  integrity. 

Torquer,  Pick-off  and  spin  motor 
impedance,  circuit  DC  resistance, 
insulation  resistance,  dielectric, 
magnetic  flux  leakage. 

Record  output  each  90  seconds  for 
1  hour  at  +?0*C. 


Spin  Motor  Tests 


Starting  and  running  power,  run-up 
and  coast  times. 


Polar  Axis  Tumble 


Record  gyro  output  at  1  degree  in¬ 
tervals  at  an  input  rate  of  +90 
deg/min;  plot  output  and  calculate 
bias,  mass  unbalance,  and  :  of 
deviations  from  curve  fit. 


Cog  Test 


Torquer  Scale  Factor  (TSF) 


Drift  Rates 


Drift  Randomness 


Temperature  Coefficients 


Vibration  Sensitivity 


Magnetic  Sensitivity 


Long  Term  Stability 


Determine  drift  repeatability  after 
multiple  controlled  (_+  displacement) 
inputs  are  applied. 

Record  at  rates  between  +1  and  +150 
deg/sec;  compute  TSF  and  second  and 
third  order  non-linearity  coef f 1 cients . 

Determine  bias  and  mass  unbalance  values 
and  repeatability  using  standard  6-posi- 
t ion  t  umbie s . 

Record  output  once/sec  for  up  to  5  hours; 
compute  X,c  ,  best  fit  trend  line  and  c 
of  departures  therefrom;  compute  power 
spectral  density. 

Perform  selected  tests  at  9  temperatures 
between  -2G’C  and  +90*C;  calculate  scale 
factor,  bias,  mass  unbalance,  and  axis 
alignment  coefficients. 

Sinusoidal  inputs  at  5g ,  20-2000  Hz; 
Random  inputs  @0.04  g2/Hz,  2C-2000  Hz; 
determine  g2  coefficient  and  overall 
vibration  sensitivity. 

Determine  magnetic  sensitivity  to 
external  fields  of  10,  50,  and  100  qauss. 

Verify  retention  of  performance  stabili¬ 
ty  after  18  shocks  (30  g,  11  msec). 

Determine  performance  stability  of  pri¬ 
mary  parameters  over  a  4-month  period. 


Table  6 


Accelerometer  Tests 


! 

1 

1 

TEST 

MEASUREMENT 

| 

i 

i . 

Mechanical  Inspection 

Dimensions,  weight,  seal  integrity. 

5 

i 

2. 

Electrical  Inspection 

Insulation  resistance,  dielectric, 
magnetic  flux  leakage. 

i 

3. 

Warm-up  Characteristics 

Record  output  in  1  g  position  each 
• 3C  seconds  for  1  hour. 

4. 

Two-Position  Tumble 

Compute  bias  and  scale  factor  from 
multiple  tumbles  at  15  VDC ,  15.75  VDC 
and  14.25  VDC. 

• 

i 

i 

S. 

Threshold  &  Resolution 

Determine  input  required  to  produce 

50%  of  predicted  output  at  both  0  g 
and  0.707  g,  nominal. 

i 

t>  , 

36-Position  Tumble 

Compute  bias,  scale  factor  and  second 
and  third  order  non-linearity  coeffi¬ 
cients. 

i 

f 

7. 

Temperature  Coefficients 

Perform  selected  tests  at  temperatures 
between  -20*C  and  +90*C,  compute 
temperature  coefficients. 

j 

: 

| 

8. 

Hysteres l s 

Compute  scale  factor  and  bias  hysteresis 
after  various  temperature  exposures  in 
non-operating  mode. 

I 

i 

i 

i 

\ 

9. 

Vibration  Sensitivity 

Sinusoidal  inputs  at  5a,  20-2000  H2j 

Random  inputs  at  .04  g2/Hz,  20-2000  H2 ; 
determine  overall  vibration  sensitivity 
including  vibropendulousity  coefficient. 

i 

i 

10. 

Magnetic  Sensitivity 

Determine  magnetic  sensitivity  to 
eternal  fields  of  i 0 ,  50  and  100 
gauss. 

i 

1  1  . 

Input  Range 

Apply  tIO  g  via  centrifuge. 

12. 

Shock 

Verify  retention  of  performance 
stability  after  18  shocks  (30  g,  11  msec.) 

' 

1  3. 

Long  Term  Stability 

Determine  performance  stability  of 
primary  terms  over  a  4-mouth  period. 

" 

= 

I 


ELECTRONIC  DESIGN  DETAILS 


Design  of  the  Industry  LCIGS  electronics  was  initiated  after  a  review  of  the  CSDL 
drawings,  and  an  analysis  of  the  deficiencies  recorded  during  brassboard  testing  was 
completed  |S).  Design  changes  were  made  to  incorporate  mi  1 1 1  a  ry-g  rade  components,  micro¬ 
processor  capability  unavailable  to  LCIGS  at  the  time  of  brassboard  design,  an  inteqral 
power  supply,  and  an  autopilot  output.  A  simplified  electrcr.ics  block  diagram  with  elec¬ 
tronic  card  allocation  is  shown  in  Figure  5. 


t>  10 


Power  Supply 

The  new  self-contained  power  supply  is  a  switching  mode  driven  inverter  type  with 
an  operating  frequency  of  50  KHz.  The  input  section  receives  +28  VDC  from  an  external 
source,  provides  filtering,  and  contains  four-power  field  effect  transistors  fFETs)  to 
switch  the  input  voltage  through  the  primary  of  a  power  transformer.  The  outpr  section 
consists  of  multiple  secondaries  on  a  power  transformer  to  provide  the  necessity  inter¬ 
nal  operating  voltages.  Each  output  is  full  wave  rectified  and  filtered.  A  separate 
bifilar  wound  secondary  on  the  +1SV  output  winding  provides  power  and  feedback  for  the 
power  supply  control  section.  The  control  section  generates  the  pulse  width  modulation 
signals  for  the  input  section  power  FETs.  The  control  circuitry  also  monitors  the  input 
line  and  makes  instantaneous  pulse  width  corrections  to  minimize  output  voltage  varia¬ 
tions. 


The  power  supply 
during  integration  and 


also  contains  overcurrent  shutdown 
testing  with  other  subsystems. 


circuitry 


to  prevent  damage 


Tests  on  the  power  supply  breadboard  confirm  operation  to  specified  limits  over  the 
complete  temperature  range  with  input  voltages  of  +18  VDC  to  +35  VDC.  Operation  at 
higher  input  voltages  is  limited  by  power  dissipation  and  attendent  thermal  considera¬ 
tions. 


System  Timing 


The  system  timing  electronics  uses 
Schottxy- type  logic  to  provide  various 
within  the  system.  The  timing  diagram  is 


an 

t 

ll 


8. 448  MHz 
immq  and 
lustrated  i 


crystal  oscillator  and 
synchronization  signals 
n  Figure  6. 


low  power 
required 


Figure  6  -  LC1GS  Timing  Diagr  am 
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Spin  Motor  Supply,  Temperature  Multiplexing 

The  gyro  spin  motor  supply  operates  directly  from  the  LCIGS  power  supply  rather 
than  the  missile  inverter/converter.  The  spin  motor  supply  is  a  push-pull  driven  trans- 
formercoupled  inverter  providing  an  800-Hz,  26-volt  square  wave  source  for  the  three 
gyro  spin  motors.  The  supply  also  includes  circuitry  which,  when  externally  commanded , 
determines  motor  operability  by  sensing  back  KMF  during  a  10  ms  interruption  of  the 
motor  excitation. 


Temperature  sensors  are  located  on  each  inertial  sensor,  on  each  gyro  torquer  elec¬ 
tronics  assembly,  and  on  the  accelerometer  electronics  assembly.  These  provide  10 
inputs  to  a  16-channel  analog  multiplexer  and  a  current  to  the  voltage  buffer  condi¬ 
tioner.  Other  inputs  include  power  supply  voltages  and  various  bu i 1 t- i n-test  (BIT) 
responses . 


The  multiplexer  output  is  fed  to  a  10-bit  analog-to-dig i tal  (A/D)  converter  which 
is  a  part  of  the  service  processor.  The  converter  outputs  are  used  in  conjunction  with 
the  EAPOM  stored  coefficients  to  provide  temperature  corrections  to  tne  inertial  sensor 
cutouts,  and  as  BIT  to  determine  operational  status. 


Accelerometer  A/F  Converter 

The  three  accelerometer  anaiog-to-f reqje-icy  (A/F)  converters  and  respective  accumu¬ 
lators  are  contained  on  a  single  circuit  card.  The  design  retains  the  basic  features  of 
the  CSDL  brasssoard  but  mechanization  with  a  nonproprietary  hyrid  constant  current 
source  allowed  a  40%  reduction  in  the  physical  size. 

The  converter,  illustrated  in  Figure  7,  is  a  pulse-rebalanced  integrator  in  which 
the  integrator  output  is  maintained  within  pre-set  limits  hv  application  of  precise 
rebalance"  pulses  to  tr.o  summing  point  of  the  integrator.  The  rebalance  pulses,  which 
aie  precise  in  current  and  duration,  represent  the  true  integral  of  the  accelerometer 
analog  output.  The  pulses  are  accumulated  m  an  8-bit  up/down  counter  which  is  read  by 
the  service  processor. 


An  A/F  inhibit  command  which  disables  the  rebalance  circuits  is  issues  by- 
processor  during  the  counter  read  period  to  ensure  that  all  pulses  are  read 
nel  scale  factor  is  0.25  cm/sec/pul se . 


the  service 
The  chan- 


10  SERVICE 
PROCESSOR 


TEMPERATURE 


Figure  7  -  A/F  CGNVERTEP 


Gyro  Torquing  Electronics  (GTE) 

The  gyro  torquing  electronics  (GTE),  illustrated  in  Figure  8,  filters,  amplifies, 
and  digitizes  the  gyroscope  pickoff  output  at  a  2.4  KHz  rate.  The  digitized  signal,  a 
10 — bit  A/D  output,  is  read  by  the  gyro  processor  which  computes  an  8-bit  torque  command 
each  sampling  period.  The  GTE,  in  response  to  this  torque  command,  selects  one  of  the 
two  current  n  balance  modes,  steers  an  H-bridge  switching  circuit,  and  applies  precise 
rebalance  current  pulses  to  the  gyroscope  torquer. 


Review  of  the  CSDL  GTE  design,  including  brassboard  test  data  and  its  performance 
analysis  |5]  revealed  gyro  scale  factor  linearity  errors  of  80  to  800  ppm  in  the  range 
of  30  to  120  deg/sec.  Tests  on  a  breadboard  version  of  this  design  concept  by  LSI 
confirmed  these  errors,  which  are  due  to  the  effect  of  pulse  rise  and  fall  times.  Even 
larger  errors  exist  at  the  lower  input  rates  typical  of  those  encountered  ’n 
Scorsby-type  motion.  One  potential  solution  to  this  problem,  within  existing  processor 
capability,  would  be  to  character  i  ze  the  scale  factor  of  each  gyro  module.  This  solu¬ 
tion  would,  however,  require  extensive  and  costly  testing  of  a  gyro  module  with  a  speci¬ 
fic  GTE  over  temperature,  and  it  would  inhibit  sensor  interchangeability  since  the 
non-linearity  is  dependent  cr.  precise  matching  of  the  gyro  normalization  electronics  and 
GfE  to  a  specific  gyroscope. 


The  LSI  GTE  design  utilizes  a  precision  dual-level  (8:1)  constant  current  source 
operating  in  a  Pulse  Width  Ternary  (PWT)  mode.  The  design  minimizes  the  sensitivity  of 
gyroscope  and  electronics  matching  and  eliminates  the  need  for  temperature  characteriza¬ 
tion  to  maintain  scale  factor  eriors  within  acceptable  limits. 


In  the  design,  each  416.7  js  torquing  cycle  is  divided  into  80  increments  of 
5.208  us  duration.  Since  a  1  ns  equivalent  error  in  pulse  rise  and  fall  time  during  a 
5  js  pulse  represents  a  large  scale  factor  error,  the  gyro  processor  algorithm  commands 
lower  current  (IX)  and  extended  duration  (41.66  --s)  pulses.  This  reduces  the  error 
from  the  pulse  rise  and  fall  time  to  approximately  25  ppm.  At  input  rates  up  to  approxi¬ 
mately  16  deg./sec,  the  low  current  extended  duration  pulses  are  commanded.  At  higher 
rates,  the  processor  commands  the  higher  current  (8X)  for  the  standard  5.208  us  pulse 
durat ion. 


The  gyro  processor,  by  the  gyro  torque  command  word,  controls  the  number  of  time 
increments  the  constant  current  source  is  gated  to  the  gyro  torquer,  the  current  polari¬ 
ty,  and  the  current  level  of  IX  or  8X, 


The  GTE  uses  components  with  very  low  temperature  coefficients  for  precision  refer¬ 
ence  and  current  sensing  and  drives  a  dummy  resistive  load,  located  in  the  normalization 
electronics,  during  periods  when  the  gyroscope  is  not  being  torqued. 


Gyro  Processor  (Gp ) 

The  Gyro  Processor  (C,P)  card  contains  three  separate  and  independent  microproces¬ 
sors  which  share  a  common  clock  driver  and  a  parallel  bus  for  communication  with  the 
service  processor.  The  gyro  loop  functional  block  diagram,  shown  previously  in  Figure 
8,  illustrated  that  the  gyro  processor  is  integral  to  the  closing  of  the  total  gyro 
loop.  A  functional  diagram  of  the  GP  is  shown  in  Figure  9. 


Figure  9  -  Gyro  Processor 


The  G°,  in  conjunction  with  mode  commands  and  loop  response  data  from  the  service 
processor,  establishes  the  mode  of  operation  and  loop  response  characteristics.  Inputs 
to  the  GP  include  the  digitized  gyro  pickoff  information  from  the  torquer  electronics 
,■  card  at  a  2.4  KHz  rate  and  loop  gain  coefficients  from  the  service  processor  sampled  at 

!  10-seconds  intervals. 

1  Upon  command  from  the  service  processor,  the  gyro  processor  operates  the  gyro  loop 

in  one  of  three  modes:  initialization,  self-test  (BIT),  or  the  normal  operating  mode. 

I  In  the  operating  mode  the  control  loop  implements  the  same  processing  equation  as 

j  that  used  in  the  brassboard  [3],  The  equation  is: 

;  .  r  i 

:■  T  »  K-I +  K2’>  +  K3  j  V  dt 

5  wnere  T  =  the  torque  command  to  the  gyro  torquing  electronics; 

i  and  K  j ,  K2,  and  Kj  are  the  proportional,  rate,  and  integral  gain  coefficients.  i 

Tne  rate  gain  coefficient,  K2,  is  temperature  compensated  by  the  service  processor.  ! 

(  This  compensation  reduces  limit  cycling  which  was  a  problem  in  the  brassboard  LCIGS  when  j 

gyroscopes  from  different  vendors  were  used.  The  control  loop  has  been  implemented  with  : 

ur.  80-Hz  bandwidth  with  a  damping  factor  of  0. 3-0.6.  The  torquing  command  is  an  8-bit  J 

word  transmitted  to  the  gyro  torquing  electronics  at  a  2.4  KHz  rale.  ; 

1  ‘  1 

t  The  design  is  based  on  the  use  of  the  INTEL  8088  nr coprocessor  which  has  a  16-bit  I 

|  I  ,  internal  architecture  and  an  8-blt  bus  structure.  The  processor  also  contains  a  2K  byte  l 

t  Prog  r  amr.iabl  0  Reaa-Only  Memory  (PROM)  for  program  storage  and  constants,  and  2S6  bytes  of  J 

I  1  Ran.,  ,m  Access  Memory  (RAM)  for  variables  and  scratch  pad  memory.  The  memory  capacity  j 

1  .  and  existing  processor  utilization  levels  are  shown  in  Table  7.  ! 


\  I  ! 

\  i 

I  1 |  Table  7  -  Gyro  Processor  Utilization 
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Service  Processor 


The  service  processor  communicates  with  the  missile  system  navigation  processor 
across  a  bi-directional  serial  data  interface  (500-KHz  bit  rate).  The  output  I/O  struc¬ 
ture  is  shown  in  Figure  10. 


MISSILE 

NAV 

PHOCESSOFt 


digital 

AUTOPILOT 

PROCESSOR 


SERIAL  PERIPHERAL  BLOCK  (SPBLOK) 


PERIPHERAL 

SERIAL  IPSE  R ) 

OATA  OUT 

COMPUTER 

RECEIVE  (CRX) 

MECE  IVE  -  T  R  ANSMIT  CLOCH  (R  TX  CL  K  ) 

COMPUTER 

TRANSMIT  (CTX) 

DATA  IN 

serial  computer  Block  (scplok ) 

COMPUTER 

SERIAL  (CSER) 

PARALLEL 

peripheral  block  (ppblok; 

PERIPHERAL 

PARALLEL  ( P  PAR ) 

computer 

PARA.  LEL  l CPAR ] 

LC1GS 


Figure  10  -  LC IGS/Miss i le  Processor  Interface 


A  variable  length  block  transfer  protocol  is  used.  The  discrete  SPBLOK  (see  Figure 
1C)  and  the  pulse  PSEK  signal  that  the  LOGS  output  must  have  priority  servicing.  The 
missile  processor  must  respond  after  each  PSER  by  clocking  out  two  bytes  of  data  plus 
parity  using  the  CRX  discrete  and  the  RTX-CLK  clock  signal. 

The  missile  navigation  processor  sequences  block  transmissions  to  LCIGS  by  signal¬ 
ing  ‘ho  SCOLOK  discrete  and  pulsing  the  CSER  signal.  When  the  LCIGS  is  ready  to  accept 
the  data  transmission,  PSER  will  be  pulsed  with  the  SPBLOK  discrete  reset.  The  missile 
processor  will  then  clock  two  bytes  of  data  plus  parity  to  the  LCIGS  with  the  CTX  dis¬ 
crete  and  the  RTX-CLK  clock  signal. 

The  service  processor  communicates  with  the  Digital  Autopilot  Processor  (DAP) 
across  an  8-bit  parallel  data  i  terface.  The  service  processor  signals  the  DAP  with  the 
PPBLOK  discrete  and  pulses  the  'PAR  signal  when  data  is  ready  for  transmission.  The  DAP 
can  then  clock  out  raw  sensor  data  (  X(y(Z  and  tv  x,y,-z>  using  the  CPAR  discrete. 
This  data  'ran-fer  occurs  a*  a  400-Hz  rate.  This  high  rate  parallel  output  is  required 
for  stability  cl  tie  inner  loop  missile  control  system. 

Output  t  ransimss  ions  from  LCIGS  include  the  preprocessed  and  formatted  sensor  data 
(  ■.  x,y,z  and  '  V  x ,  y ,  z )  at  a  100-Hz  rate.  Other  output  data  includes  gyro  g-sensltlve 
drifts,  output  axis  coupling,  am  so  i  nert  i  a,  and  alignment  parameters,  as  required.  The 
missile  processor  may  also  request  specific  LCIGS  data  (e.g.,  memory  status),  commands 
the  start-up  sequence,  and  initiates  BIT  functions. 

The  PSD  functions  through  this  I/O  to  implement  test  and  calibration  of  the  LCIGS. 
After  calibration,  the  PSF.  can  command  the  service  processor  to  load  the  EAROM  with  all 
of  the  new  characterization  data  used  to  model  the  sensor  errors. 

The  service  processor,  illustrated  in  functional  form  in  Figure  11,  is  also  mecha¬ 
nized  with  the  INTEL  8088  microprocessor.  Programmable  read-only  memory  and  random 
access  memory  are  also  used. 

Remaining  hardware  components  include  serial  I/O,  parallel  I/O  (autopilot),  F.AROM, 
and  a  10-bit  A/D  converter. 
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Figure  11  -  Service  Processor  Functional  Diagram 


The  memory  capacity  and  existing  processor  utilization  levels  are  shown  in  Table  8. 


Table  8  -  Service  Processor  Utilization 


MEMORY 

CAPACITY 

UTILIZATION 

HAM 

1  024 

750 

PROM 

6144 

3500 

EAROM 

_  384 

300 

Time  available  is  utilized  70% 

PECULIAR  SUPPORT  EQUIPMENT  (PSE) 

System  level  test  equipment  for  LCIGS,  designated  PSE,  was  developed  by  CSDL  in 
parallel  with  the  brassboard  LC1GS  design.  The  PSE  is  designed  to  provide  stand-alone 
capability  to  support  factory  calibration,  factory  acceptance,  and  field  maintenance 
requirements.  The  design  of  the  Industry  LCIGS  PSE  maintained  all  features  of  the  CSDL 
PSE.  Limited  physical  and  electrical  modifications  were  necessitated  by  changes  in  the 
interface  (integral  power  supply,  and  parallel  output). 

The  new  LCIGS  PSE  hardware  configuration  is  shown  in  Figure  12.  The  magnetic  tape 
system  is  a  Digi-Data  17  30  MAXIDEX  featuring  9  tracks  witn  a  4 5- i nch-per- second  tape 
speed  and  800-bytes-per- i  nch  packing  density.  It  provides  a  mass  storage  media  for  all 
PSE  test  programs  and  LCIGS  test  data.  The  Burroughs  SII  1  240-200  Display  is  a  micropro¬ 
cessor -based  flat  gas  plasma  panel  featuring  480  alpha-numeric  characters  in  12  rows  with 
a  maximum  data  rate  of  1000  characters  per  second.  This  display  and  the  keyboard  are 
used  interactively  by  the  operator  to  initiate  and  progress  through  the  test  sequences. 
A  DECWKITKK,  the  master  control  device  for  the  RSK-11S  operating  system,  can  also  be  used 
to  initiate  test  programs  and  provide  a  hard  copy  of  the  test  results. 


A  PDP- 1 1/34A-ME  computer  provides  execution  and  control  of  the  PSE  test  programs 
and  LCIGS  data  reduction  programs.  It  also  controls  the  PSE/LCIGS  data  interface, 
keyboard,  Burroughs  display  and  the  magnetic  stripe  reader/writer.  The  computer  is  a 
floating  point  processor  with  64K  words  of  core  memory  and  IK  words  of  cache  memory. 
Cycle  time  is  1  us  and  250  ns  for  the  core  and  cache  memories  respectively.  All 
computer  software  has  been  coded  in  Fortran  using  the  RSX-11S  operating  system.  The 
software  includes  algorithms  to  provide  LCIGS  performance  testing  in  both  attitude  and 
pseudo-navigation  modes. 


The  magnetic  stripe  reader/writer  provides  the  interface  to  a  1024  byte  magnetic 
stripe  card  which  contains  tne  system  identification  and  inertial  sensor  characteriza¬ 
tion  data.  These  data,  essentially  the  same  as  that  contained  in  the  LCIGS  EAROM,  are 
used  by  the  PSE  to  verify  the  EAROM  contents  and  are  updated  by  the  PSE  at  each  LCIGS 
calibration  or  repair.  Card  information  includes  a  system  identifier,  a  vendor  identi¬ 
fier  and  serial  number  for  each  inertial  sensor,  calibration  and  thermal  characteriza¬ 
tion  data,  and  sensor  dynamic  compensation  parameter. 


The  LCIGS  calibration  software  developed  by  CSDL,  emphasizing  minimum  demand  on 
operator  skills,  has  been  retained  in  this  PSE  configuration.  The  program  uses  the 
LCIGS  interactively  oy  using  six-position  accelerometer  data  to  establish  the  reference 
frame  for  gyro  calibration.  Additional  positions  are  used  for  the  entire  system  calibra¬ 
tion  with  a  goal  of  obtaining  accuracies  of  0.1  deg/hr  and  100/  vg  in  30  minutes. 
Diagnostic  programs  are  also  included  that  monitor  LCIGS  self-tests  or  initiate  special 
tests  to  enhance  fault  isolation  to  a  replaceable  module. 
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Figure  12  -  LCIGS  Peculiar  Support  Equipment 


LIFE  CYCLE  COSTS  (LCC) 


USAF  studies  have  shown  that  the  decisions  made  during  conceptual  and  advanced  devel¬ 
opment  programs  basically  define  the  Life  Cycle  Cost  (LCC)  of  equipment  (3].  Essential 
to  the  successful  transition  of  the  brassboard  LCIGS  concept  to  Industry  was  the  reten¬ 
tion  of  the  Production  Unit  Cost  (PUC)  goal.  The  P'JC  goal  of  $10,000  in  FY  ’76  dollars 
for  a  2000-unit  production  run  at  1000  ur,  ts  per  year  was  a  key  factor  in  defining  the 
basic  design  concepts.  The  PUC  factors  used  in  the  CSDL  brassboard  design  were  thorough¬ 
ly  reviewed  by  LSI  to  determine  if  current  technology  allowed  cost  changes  within  the 
framework  of  the  LCIGS  concept.  The  review  validated  the  significant  contribution  of  the 
inertial  sensors  to  the  overall  system  cost  and  re-emphasized  the  necessity  to  procure 
only  those  sensors  with  proven  performance  and  cost  history.  Multiple  source  procurement 
cf  these  sensors  provides  PUC  credibility  by  using  price  information  on  a  normalized 
specification  from  established  vendors.  Additional  cost  factors,  which  are  limited  to 
the  Industry  LCIGS,  include  design  changes  to  improve  system  applicability  to  a  broader 
range  of  missiles  (integral  power  supply  and  elimination  of  a  form  factor  necessary  for 
the  CBU-15  Glide  Bomb),  and  elimination  of  commerical  grade  electronic  components. 


In  the  design  evaluation  phase,  the  basic  system  modules  were  identified  and  cost 
targets  were  established  to  provide  each  designer  a  tool  for  evaluating  alternate 
approaches.  The  Design-To-Cost  (PTC)  and  LCC  disciplines  were  combined  to  emphasize  the 
reality  of  "total  cost"  considerations.  The  design  review  of  each  Industry  LCIGS  module 
considered  contributions  from  Reliability,  Maintainability,  Logistics,  Packaging,  Manu¬ 
facturing,  Quality  Control,  as  well  as  the  actual  Module  Design  Engineer,  to  assure  that 
design  trade-offs  were  accomplished  and  that  the  design  selected  represented  an  optimum 
balance  between  cost  and  performance.  As  the  system  design  matured,  previous  cost  tar¬ 
gets  were  updated  as  necessary  to  attain  the  system  PUC. 


The  current  PUC  estimate  for  the  LCIGS  configuration  is  summarized  in  Table  9  by 
major  categories.  The  values  shown  for  the  CSDL  brassboard  are  obtained  from  Reference 
[5)  and  include  costs  of  military  grade  components.  All  values  are  adjusted  to  FY  '79 
dollars. 


Table  9  -  Category  Cost  Allocation  FY  '79  Dollars 


CSDL  LCIGS 

INDUSTRY 

LCIGS 

PRESENT 

GOAL 

Gyro  Modules  (3) 

$6,002 

$5,900 

$5,480 

Accelerometer  Module 

$3,915 

$2,860 

S2.700 

Electron i cs 

$3,936 

$4,600 

$4,260 

Assembl y  &  Test 

$1,879 

$2,560 

$2,040 

$1 5,732 

$15,920 

$14,480 

The  evaluation  of  Life  Cycle  Costs  must  include  consideration  of  Reliability  and  Main¬ 
tainability  factors  so  that  the  Operation  and  Support  (0  &  S)  costs  can  be  determined. 
The  Industry  LCIGS  reliability  prediction  based  on  MJL-HDBK-2 1 7B  and  Ref  |6)  is  shown  in 
Table  10.  This  prediction  was  used  with  other  necessary  acquisition  and  deployment 
parameters  in  the  Air  Force  Logistics  Command  Life  Cycle  Cost  Model.  The  model  for  the 
LCIGS  program  assumes  an  all-up-round  maintenance  concept  with  missiles  returned  to  a 
Depot  for  repair,  and  a  quantity  of  18,000  missiles  for  a  10-year  petiod.  The  results 
show  that  OSS  costs  are  less  than  4f  of  the  initial  acquisition  costs. 


The  Industry  LCIGS  is  also  required  to  have  a  Mission  Completion  Success  Probabili¬ 
ty  (HCSP)  of  0.9800  under  environmental  conditions  of  a  +  55*C  ambient,  one  year  storage, 
and  mission  operating  time  of  1.6  hours.  The  predicted  MCSP  is  0.9859. 
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Table  10  -  LCIGS  Reliability  Prediction 


SUBASSEMBLIES 

NON-OPERATING 
FAILURE  RATE  (X  10"9) 

OPERATING 

FAILURE  RATE  (X  1 0~6 ) 

Gyro  Torquing  Elec.  (A1/A2) 

273.727 

25.068 

Gyro  Processor  (A3) 

80.604 

72.890 

Service  Processor  (A4/A5) 

214.947 

109.742 

Accel .  A/F  (A6 ) 

122.625 

9.  559 

Timing  ( A 7  ) 

133.185 

9.0106 

Power  Supply  ( PS  1  ) 

B2.844 

5.915 

Gyros 

435.513 

155.0934 

Accelerometers 

89.820 

25.860 

Mi  sc.  System 

105.150 

40.064 

Total 

1,533.415 

453.202 

MTBF0  =  2207  Hrs. 

PERFORMANCE 


The  LCIGS  performance  requirements  have  been  established  by  a  series  of  Air  Force- 
funded  studies  to  determine  the  lowest  cost  inertial  guidance  system  that  will  provide 
sufficient  missile  guidance  accuracy  in  an  aided-inert i al  midcourse  guidance  mode.  The 
Tactical  Inertial  Performance  Requirements  Analysis  (TIPRA)  programs  performed  by  MDAC 
and  Honeywell  quantified  the  inertial  sensor  performance  requirements  for  planar-wing  and 
cruciform-wing  GBU-1S  Glide  Bombs,  and  for  a  powered  standoff  missile,  A  prelaunch 
transfer  aiiqnment  and  calibration  maneuver  consisting  of  5.5  minutes  of  level  flight 
with  half-5  turns  was  used.  Post-launch  configurations  using  updates  from  Radiometric 
Area  Correlation  (RAC),  Global  Positioning  System  (GPS)  as  well  as  autonomous  strapdown 
inertial  were  analyzed  with  inertial  sensor  performance  ranges  of  0.01  mg  to  100  mg  and 
0.01  deg/hr-to-10  deg/hr  t urn-on-to-t urn-on  repeatability  for  accelerometers  and  gyros 
respectively.  A  Kalman  filter  was  used  to  estimate  the  missile  strapdown  inertial  tilt 
errors,  azimuth  errors,  velocity  errors,  and  sensor  errors.  The  conclusions  reached 
included  the  following  |1,2): 

1)  A  3.5-deg/hr  gyro  and  a  1  mg  accelerometer  are  adequate  for  all  RAC  missions, 
the  shorter  range  cruciform-wing  GBU-15  mission,  and  GPS-aided  missions  with 
break-lock  ranges  less  than  10  nm. 


2)  Gyros  in  the  0.1-to-0.5  deg/hr  range  with  a  1  mg  accelerometer  are  adequate  for 
longer  range  missions  and  GPS  aided  missions  with  early  break-lock. 


3  ) 

Higher  quality  accelerometers 
maneuvers  are  anticipated. 

(0.2  mg)  are 

requ i red 

if 

significant  lateral 

4  ) 

Key  sensor  parameters  are: 

Gyro  g-sensitive 

drift, 

gyro 

random  drift,  gyro 

scale  factor  error,  gyro  dynamic  rectification  error,  and  accelerometer  bias. 


5)  For  unaided  missions  a  precision  aircraft  navigation  system  such  as  GPS/1NS  is 
needed:  a  1  nm/hr  INS  is  adequate  for  RAC  missions  with  a  pre-launch  RAC  fix. 

Additional  studies  l7]  conducted  by  MDAC  optimized  alignment  and  calibration  tech 
niques  for  LCIGS  considering  other  powered  and  unpowered  missiles  with  ranges  up  to  25( 
nm.  Various  transfer  alignment  maneuvers  weie  analyzed  by  covariance  analysis  technigues 
and  a  39-state  variable  real-world  model.  The  conclusions  of  this  study  included: 

1)  A  5.5-mnute  axial  acceleration  aircraft  maneuver,  illustrated  in  Figure  13, 
provided  the  best  transfer  alignment  and  calibration  accuracy. 


2)  A  15-state  Kalman  filter  provides  performance  nearly  the  same  as  a  39-state 
optimal  filter  and  is  recommended  with  the  axial  acceleration  .ianeuver. 
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Figure  13  -  Aircraft  Axial  Acceleration  Maneuver 


LSI  is  currently  performing  studies  to  determine  the  LOGS  autonomous  navigation 
performance  due  to  the  effects  of  a  cruise  missile  flight  profile,  flight  times  exceed-  f 

ing  10  minutes,  fast  reaction  alignment  and  calibration,  and  low  ambient  temperatures.  1 

Table  11  reflects  the  error  model  being  used  to  characterise  the  system  for  these  i  ' 

studies. 


Table  1  1  - 

LOGS  Error  Model 

I 

ERROR  TERM 

STATISTICAL  MODEL 

1  ;  VALUE 

Gyro 

Fixed  Bias  (turn-on)  (deg/hr) 

Random  Constant 

2.0 

; 

Random  Bias  (OA  *  )  (deg/hr  ^  1  hr) 

Random  Walk  (rate) 

0.15 

Random  Bias  t  IA  *  )  (deg/hr  $  1  hr) 

Random  Walk  (rate) 

0.38 

Random  Bias  (0A  *  )  (deg  (  1  hr) 

Random  Walk  (angle) 

0.0042 

Random  Bias  ,1a*  )  (deg  <  1  hr) 

Random  Walk  (angle) 

0.0072 

Scale  Factor  Error  (ppm) 

Random  Constant 

150. 

g-Sens.  Drift  (along  IA )  (deg/hr/g) 

Random  Constant 

2.0 

i 

* 

g-Sens.  Drift  (along  SA)  (deg/hr/g) 

Random  Constant 

2.0 

Nonorthogonality  (seel 

Random  Constant 

60. 

■ 

Acc«_  levo.r .  Ler 

i 

i 

Fixed  Bias  (  ■  q  1  ) 

Random  constant 

100. 

j 

Random  Bias  (  ■-  g’s;  «  1  h) 

1st  Order  Gauss- 

15. 

i 

Markov 

Scale  Factor  Error  (ppm) 

Random  Constant 

150. 

j 

Nonorthogonality  (sec) 

i _ 

Random  Constant 

20. 

I 

! 

The  launch  aircraft  navigation  system  is  a  GPS/INS  with  20  feet  (6.1  m)  1  ■  posi¬ 
tion  accuracy  and  i) ,  2  ft/sec  (0.06  m/s  ■  1  •  velocity  accuracy.  The  alignment  profile  is 
the  axial  acceleration  ifim'iiver  of  Figure  13;  the  missile  post-launch  profile  consists  of 
a  flight  at  800  ft/sec  (24-3  m/si  with  a  60-degree  turn  at  660  seconds.  A  16-state  Kalman 
filter  was  used  with  covariance  analysis  techniques  to  obtain  the  expected  performance. 


Figure  1 4  illustrates  the  anticipated  LC1GS  performance  for  a  10-minute  flight. 
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Figure  14  -  LCIGS  10-Minute  Flight  Performance 
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The  figure  shows  that  excellent  performance  can  be  obtained  from  the  basic  LCIGS  configu¬ 
ration?  Performance  over  extended  flight  times,  shown  in  Figure  1 5 '  that. 

industry  LCIGS  thermal  design  and  inertial  sensor  characterization  pcoviies r  f„r  fliaht 
the  same  LCIGS  performance  for  external  ambient  temperatures  as  low  as  -54  C  for  flign 
times  less  than  25  minutes. 
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Figure  15 


LCIGS  Performance 


Extended  Flight  Time 
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Fioare  16  shows  the  anticipated  performance  when  a  fast  reaction  missile  launch  is 
necessary  The  alignment  profile  is  10  seconds  of  +0.5-g  axial  acceleration  followed  by 
10  seconds  of  unaccelerated  flight;  no  calibration  of  sensors  is  accomplished  because e  of 
the  very  short  maneuver  time.  The  transfer  alignment  is  accomplished  with  a  GPS/INS  and 
the  alignijvjnt  accuracies  obtained  ate  shown  in  Table  12. 


Table  12  -  LCIGS  fast  Reaction  Alignment  Accuracy 


Tilt: 
Azimuth : 
Velocity: 
Position 


1 .  6  and  1.0  min. 

6.7  min . 

0.07  ft/S  (0.02  m/s) 
20.0  ft  (6.1  m) 


Fig  ure 


16  -  Fast  Reaction  Missile  Accuracy  With  LCIGS 


Additional  simulations  are  being  performed  using  the  USAF  Standard  <  "  ^various 

aircraft  reference  system.  The  LCIGS  performance  over  more  complex  profiles  with  yar  o 
aiding  system  accuracies  during  missile  flight  is  similarly  being  analyzed.  Laboratory 
res^  bv  LSI  and  subsequent  laboratory  and  flight  tests  in  the  UTG  and  MGD  programs  will 
co, npteme'nt  these  simulations  and  demonstrate  that  LCIGS  yields  highly  accurate  .issue 
guidance  at  a  very  low  cost. 
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SUMMARY 

The  Air  Force  Armament  Laboratory  has  developed  a  low-cost  midcourse  guidance  technique  suitable  For 
standoff  tactical  weapons.  The  technique  uses  the  launch  aircraft  navigation  system  and  Kalman  filtering 
tc  align  and  calibrate  a  weapon-contained,  low-cost  strapdown  navigation  system.  Post-launch,  the  strap- 
down  system  provides  unaided  Inertial  guidance  along  the  midcourse  trajectory.  The  strapdown  Inertial 
sensor  chosen  to  Implement  this  form  of  guidance  Is  The  Low  Cost  Inertial  Guidance  Subsystem  (LCIGS). 

LCIGS  is  a  modular  strapdown  package  which  uses  embedded  microprocessors,  s ingle-deoree-of-freedom  gyro¬ 
scopes,  and  pendulous  mass  accelerometers.  LCIGS  has  been  designed  and  built  for  use  in  tactical  weapons 
and  features  digital  torque  loops  for  the  gyros  and  temperature  compensation  of  all  six  sensors.  Studies 
have  been  conducted  to  project  system  performance,  and  the  results  indicate  that  through  the  alignment  and 
calibration  process  tho  predominant  LCIGS  sensor  errors  can  be  reduced  by  an  order  of  magnibude.  A  flight 
test  program  has  been  structured  to  demonstrate  performance.  The  first  system,  to  be  tested  consists  of  a 
brassboard  LCIGS,  a  McDonnell  Douglas  Model  771  computer  which  serves  as  the  guidance  processor,  and  the 
Completely  Integrated  Range  Instrumentation  System  (C1R1S)  which  performs  the  aircraft  precision  navigation 
function  for  transfer  alignment.  In  a  second  series  of  flight  tests  the  brassboard  LCIGS  will  be  replaced 
with  an  Engineering  Model  LCIGS  built  for  the  Air  Force  by  Lear  Siegler,  Inc.  The  Central  Inertial  Guidance 
Test  Facility  (CIGTF)  at  Hollonan  Air  Force  Base  is  the  responsible  test  organization  providing  ground 
test  facilities  and  a  C-141  aircraft.  This  paper  describes  the  Unaided  Tactical  Guidance  concept,  the 
system,  hardware  and  software  to  be  tested,  the  LCIGS  and  the  pre-flight  calibration  features  incorporated 
into  its  support  equipment,  unique  laboratory  testing  to  te  performed  on  the  system,  and  the  planned 
flight  tests. 


1.  INTRODUCTION 

A  requirement  exists  for  an  autonomous,  all-weather,  jam-proof,  quickly  targeted  midcourse  guidance 
capability  for  use  in  tactical  standoff  weapons.  Many  forms  of  midcourse  guidance  have  been  forwarded  as 
viable  candidates  for  meeting  tnis  requirement,  but  each  has  one  or  more  operational  limitations.  Dure 
inertial  guidance  has  always  been  an  attractive  option  for  midcourse  quidance,  but  the  cost  of  high  accuracy 
girt, balled  inertial  navigators  has  precluded  their  use  in  "throw-away1  tactical  weapons,  and  the  inaccuracy 
of  low-cost  strapdown  Inertial  navigators  has  prohibited  their  use  unless  position-aided  by  some  external 
source.  The  primary  cause  of  the  inaccuracy  in  these  strapdown  navigators  is  gyroscope  and  accelerometer 
sensor  errors.  Recent  studies  indicate  tnat  through  a  careful  inflight  alignment  and  calibration  process 
the  predominant  sensor  errors  car  be  reduced  by  an  order  of  magnitude.  This  performance  when  coupled  with 
a  precise  position  and  ve’ocity  initialization,  projected  to  be  availaule  from  the  tactical  weapon-rarryi ng 
aircraft  through  hybrid  LORAN  or  GP5  irertial  systems,  makes  unaided  strapdown  inertial  navigation  a  viable 
midcourse  guidance  candidate  for  tactical  weapons. 

Tne  'ir  Force  Armament  Laboratory  initiated  a  series  of  programs  ir  1976  to  investigate  the  potential 
of  lcw-gost  strapdown  inertial  guidance.1  The  Tactical  Inertial  Performance  Requirements  Analysis  (TIRRA) 
studies1’  determined  the  gy-oscope  and  accelerometer  sensor  quality  necessary  in  a  strapdown  navigator  to 
perform  tactical  weapon  guidance  when  the  navigator  was  position  aided  (Radiometric  Area  Correlation  or 
Global  positioning  System  position  aiding),  or  unaided.  The  Low-Cost  Inertial  Guidance  Subsystem  (LCIGS) 
program4’5  with  Charles  Stark  OraDer  Laboratory  (CSDL)  produced  a  design  and  brassboard  hardware  for  a 
low-cost,  non-proprietary  ,  strapdown  inertial  sensor  that  uses  singie-degree-of-freedom  gyros,  pendulous 
mass  accelerometers,  and  current  microprocessor  technology.  The  performance  specification  for  the  gyres 
and  accelerometers  was  established  through  the  TIPRA  studies. 

The  CSDL  non-proprigtary  design  formed  the  baseline  for  a  follow-on  LCIGS  program  with  industry.  This 
program,  in,u3try  LCIGS0,  is  an  on-going  effort  to  build  *ive  engineering  model  LCIGS1  for  captive  and 
free-flight  purposes. 
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In  parallel  with  the  LCDS  effort,  the  Unaided  Tactical  Guidance  (UTG;  studies  ’  were  conducted  to 
determine  the  optimum  airborne  alignment  ano  sensor  calibration  technique  for  LCIGS.  An  LCIGS  sensor  error 
model  ,  developed  by  CSDL  from  their  testing,  was  used  ir,  the  work.  These  studies  formed  the  basis  for  the 
Unaided  Tactical  Guidance  Validation  (L'TGV)  flight  test  program  which  is  an  on-going  effort  to  demonstrate 
unaided  inertial  guidance  in  a  realistic  manner.  This  flight  test  program  and  the  system,  hardware  and 
software  implementation  will  be  described  in  detail  in  this  paper. 

o 

In  another  Armament  Laboratory  program.  Digital  Integrating  Subsystem  (OJS)  ,  the  processing  capability 
for  c  weapon  system-  is  being  developed.  This  program  will  produce  the  specification  for  a  federated  set 
of  microprocessors  communicating  together  through  a  multiplex  bus;  the  hardware  implementation  of  the 
specification  wili  also  be  a  program  output.  In  1981,  the  DIS,  LCIGS,  and  software  neces'am,  to  perform, 
unaided  tactical  guidance  will  be  integrated  into  a  testbed  missile  and  free-flown  in  a  midccurse  guidance 
demonstration. 
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2.  Unaided  Tactical  Guidance  Concept 

The  cost  of  high-quality  gimballed  inertial  navigators  may  preclude  their  use  in  tactical  weapons. 
Strapdown  navigators  with  low-cost  sensors  are  an  attractive  alternative  provided  the  desired  performance 
can  be  attained.  As  low-cost  sensors  typically  have  large  turnon-to-turnon  bias  shifts  a  significant  per¬ 
formance  benefit  can  be  attained  by  inflight  sensor  calibration.  The  in-flight  initialization,  alignment, 
and  calibration  technique  is  illustrated  in  Figure  1. 


FIGURE  i.  Airborne  Al ignment/Cal ibration  Concept 


The  stracdcwn  navigator  is  initialize'1  with  current  position,  velocity,  and  body  attitude  information 
from  the  aircraft  navigation  system.  Thereafter  the  system  keeps  current  its  own  navigation  solution. 

The  Kalman  filter  estimator  contains  an  error  model  for  the  missile  navigator  which  mathematically  describes 
critical  strapdown  gyro  ana  accelerometer  error  terms.  This  error  node’  is  driven  by  the  trajectory  dy¬ 
namics  as  sensed  by  the  stracoown  system  Periodically  during  the  mated  flight  the  kalman  filter  samples 
aircraft  and  missile  velocity  and  computes  velocity,  alignment,  and  sensor  corrections  to  the  strapdown 
system.  These  corrections  are  fed  back  to  the  navigation  processor  and  incorporated.  The  estimation 
process  is  iterated  until  weapon  release.  To  enhance  observability  of  dominant  errors,  aircraft  maneuvers 
can  pe  oerforred. 

The  Unaided  Tactical  Guidance  studies  were  performed  to  determine  the  optimum  transfer  alignment  and 
calibration  technique  for  a  specific  >trapdown  inertial  measurement  unit,  the  LCIGS.  The  sensor  error  model 
used  for  the  studies  was  provided  by  Draper  Laboratory.  Gyroscope  errors  included:  bias  -  .5  DEC, /HR, 
random  walk  in  rate  -  .1  DEG  HR  at  1  hour  -or  the  level  gyros  and  .25  DEG. 'HR  at  1  hour  for  the  vertical 
gyro,  scale  factor  -  150  PPV.,  gravity  sensitive  drift  -  1  DEG/riR/3  for  tne  input  axis  and  .8  DcG/HR/G  for 
the  spin  axis,  ana  non-orthogonality  -  100  sec.  Accelerometer  errors  included:  bias  -  100  uG ,  scale 
tactor  -  ISO  PPH ,  and  non-orthogonality  -  20  sec.  The  launch  aircraft  was  assumed  to  be  equipped  with 
approximately  a  or.e  nautical  mile  per  hojr  navigator  augmented  with  a  Global  Positioning  System.  This 
hybrid  navigator  provides  a  smoothed  accuracy  of  20  feet  {6.1  m)  la  in  position  ard  .2  ft/sec  (.06  n/sec) 

1c  in  velocity.  The  purpose  of  the  GPS  augmentation  was  to  provide  accurate  missile  posit’ or.  and  velocity 
i  ni  ti  al  i  zation  at  lojnch.  Three  planar  oostlaunch  trajectories  ,  approximately  10  minutes  in  lenqtli,  were 
used  to  determine  system,  CEP.  Study  variables  were  the  Kalman  filter  error  state  and  the  launch  aircraft 
maneuvers  during  the  a’,  ignment'cal  ibration  phase.  Side  issues  studied  included  the  effects  of  wing  flexure 
on  measurement  error,  the  effects  o*  tine  delay  uncertainties  in  Fissile  and  aircraft  velocities,  and 
gravity  anomaly  effects.  Covariance  analyses  was  the  major  study  tool. 

The  studies  determined  that  for  missions  with  relatively  benign  post-launch  trajectories,  i.e.,  mininum 
turning,  tne  nest  effective  aircraft  calibration  maneuver  was  straight  and  level  flight  with  two  periods 
of  acceleration,  specifically, 

50  seconds  wirgs  level 

.by  axial  acceleration,  fon  10  to  ??  seconds 

210  seconds  wings  level 

.5g  axial  deceleration  for  10  to  20  secords 

1 auren 

"re  velocity  inc*cir.ent  provided  by  the  acceleration  is  important,  hut  the  snare  of  the  pulses  or 
duration  is  not  critical.  Tils  maneuver  a’ lows  good  estimation  bf  level-gyro  bias  during  the  periods  cf 
v. in js  level  flight,  ‘‘e  velocity  changes  ,i'e  ■  ade  primarily  to  allow  azimuth  calibration.  Also  observable 
dur'ng  tne  acceleration  parts  of  the  profile  are  certain  gvro  g-sensiti.e  dn't  terms. 
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The  suboptlnal  Kalman  filter  that  provided  overall  best  performance  for  the  study  scenario  w’ar'cWnposed 
of  15  states:  3  velocities,  3  tilts,  3  gyro  biases,  2  gyro  g-sensitive  biases,  3  accelerometer  biases,  and 
one  accelerometer  scale  factor.  Measurements  were  made  using  3  axes  of  velocity  and  a  5-second  measurement 
Interval.  The  simulations  indicate  that  using  the  chosen  aircraft  maneuver  and  the  15-state  filter,  gyro 
bias  errors  can  be  reduced  by  an  order  of  magnitude.  The  CEP  for  planar  trajectories  approximately  10-tr  1  n - 
utes  in  length  is  500-700  feet  (152-213  m). 

3.  LCIGS  and  Support  equipment 

Tne  brasshoard  Low-Cost  Inertial  Guidance  Subsystem  (LCIGS),  bui't  by  CSDL ,  is  described  in  detail  in 
References  4  and  5.  LCIGS  is  a  modular  strapdown  inertial  sensor  subsystem  which  features  the  use  of 
embedded  microprocessors  and  low-cost  single-degree-of-freedom  (SDF)  gyroscopes  and  accelerometers  (repeata¬ 
bility  1-5  aeg/hr  and  100-200  nicro-g).  The  block  diagram  of  the  system  is  shown  in  Figure  2,  and  a  picture 
of  the  hardware  is  provided  In  Figure  3.  Five  microprocessors  (Motorola  M6800)  are  used,  one  each  per  gyro 
module,  one  per  accelerometer  triad  (velocity  reference  module)  and  one  in  the  service  module.  The  service 
module  processor's  electrically  alterable  read  only  memory  (EAROM)  provides  storage  for  the  LCIGS  system 
data  base.  EAROM  is  updated  via  the  PSE  following  system  calibration. 

The  gyro  modules  each  consist  of  a  gyro  block  assembly,  a  gyro  torque  electronics  (GTE)  card,  and  an 
instrument  processor  card.  The  low-cost  SDF  Integrating  gyros  used  in  the  brassboard  are  Timex  IG-lOs. 

The  GTE  conditions  the  gyro  signal -generator  output  and  provides  the  digitized  signal  to  the  gyro  Instrument 
processor.  This  processor  implements  a  third-order  control  loop  algorithm  and  returns  the  torque  command 
to  the  GTE.  The  GTE  applies  a  precisely  controlled  constant-amplitude  current  to  the  gyro  magnetic  torquer. 
The  GTE  has  been  configured  in  a  ternary  pulse  width  rebalance  mode  for  most  of  the  work  to  date;  however, 
the  logic  is  reconf igurable  for  other  modes  via  an  instruction  from  the  processor.  The  gyro  processor  also 
compensates  the  accumulated  ce  torque  count  with  temperatured-compensated  bias  and  scale  factor  increments 
provided  by  the  service  processor. 


FIGURE  2.  LCIGS  System  Mechanization 


The  velocity  reference  mr-dule  (VRK)  consists  of  an  accelerometer  triad,  a  velocity  reference  elec¬ 
tronics  (VRE;  issembl, ,  and  an  instrument  processor.  The  acceleroieters  in  the  LCIGS  brassboard  are  the 
Sundstrand  QA  I20G  units  wricn  3re  gas-filled,  quartz-hinged  pendulum  instruments.  An  analog  torque-to- 
ba lance  looo  is  integral  tc  t-e  unit.  The  accelerometer  output  voltage,  which  is  proportional  to  accelera¬ 
tion,  is  an  input  tc  the  vol tage-tc-f requeues  (V/F)  converter  in  the  VRE.  The  V / F  output  frequency  is 
proper?  iona!  tc-  acceleration  The  VRM  processor  accumulates  tie  V/F  courts  and  applies  temperature-coT- 
pensated  t  as  and  scale  factor  increments  pros ided  by  the  service  processor.  (Separate  compensation 
coef :  icients  are  maintained  -'or  the  acceleroreters  and  the  V/F). 

Tne  service  module  processor  performs  system  executive  functions,  outputs  on-off  commands  to  a  trim 
heater  and  blower  to  effect  temperature  control,  and  implements  sensor  compensation  processing  functions. 
The  service  processor's  EAROM.  memory  stores  the  following  items:  sensor  bias  and  scale  factor  compensation 
data  including  temperature  sensitivity  coefficients,  sensor  alignment  angles,  gyro  g-sensitive  drift,  gyro 
dynamic  coupling  terms  (gyro  output  axis  coupling  an i soinert i al  drift),  and  temperature  control  law 
para.Teters .  The  service  processor  computes  the  temperature-compensated  bias  and  scale  factor  corrections 
that  are  applied  in  the  instrument  processors.  These  computations,  based  upon  EAROM  coefficients  and 
sensed  temperature  data,  are  executed  using  the  hardware  multiply  capability  of  the  service  module.  The 


coefficients  for  the  cross-axis  type  compensation  (e.g.,  g-sensitive  drift,  alignments,  and  dynamic  cou¬ 
pling)  are  passed  to  the  navigation  processor  where  the  compensation  Is  implemented  using  the  appropriate 
aes  and  cVs. 


The  brasshoard  LCIGS  will  be  flight-tester 
this  set  of  tests  the  bracsboard  LCIGS  will  b 
reference  6,  and  further  flight  tests  conducti 


the  first  phase  of  a  two  part  test  program.  Following 
laced  with  an  engineering  model  LCIGS,  described  in 
'he  configuration  discussed  in  this  paper  uses  the  brass- 


Hu'JRE  3.  LCIGS  hardware  (Covers  Removed) 


3.1  Support  Equipment  Tost  Capability 

The  Peculiar  Support  equipment  ('-SC)  ,  developed  by  the  bracer  Laboratory,  provides  the  stand  alone 
capability  to  support  LCIGS  navigation  performance  tests,  calibration  functions,  and  diagnostic  tests. 

.'nc  objective  of  the  'JTriV  pror-a-a  is  to  determine  the  effectiveness  of  tne  PSE  in  performing  pre-flight 
sensor  cal icrat’on .  >V  cord  i  ugly,  PSF  test  car-abilities  are  described  in  this  section  and  the  planned  PSK- 
ef feel i veness  tests  art-  described  under  TEST  I’l.n’iS. 


Trie  factory  Selli;ft  tests  are  navlgatin..  nerf O’. ranee  tests  using  a  simplified  alignment  and  navigation 
im><  i-mi/ai  inn.  il.ese  laboratory  tests  consist  of  a  3-nosition  alignment  mode  (Autocall  followed  by  naviga- 
t  :r;  i  under  slate  eo-di  tic-i.s  er  discrete  attitude  changes,  lor  navigation  under  Scprstiy  mutiun,  a 
i-pnsition  Autuual  r.iodc  is  „sed  fer  alignment.  The  autocal  program  estimates  Inertial  tensor  errors  using 
le.ijl  - rici  c,  cur  v-  f'ts  ’I  v>  ,i  (sh-1  c .  el  velocity  cutputs  of  a  simplified  local-level  navigation  algorithm. 
Tnr  inertial  err  _-r  estir---.it'  (gyro  bias  and  u-sensitive  drift,  ccce  1  eroriet nr  bias  and  scale  factor)  are 
,-|.!«1i.”!  a-  sensor  cyip'.-iisi'  ion  fur i ■,  ,  (t-«-  nayqation  phase.  Tne  resulting  navigation  performance  provides 
:!  im.-asar--  'i‘  fi  e  '-Mi-  ‘  iv.-i.iv.  of  t-.i  Sensor  compensation .  A  two- pa -  l,  nor.  re il t  in e  data  processing  p-'O- 
i  >-'■■:■  •  is  i.-.i-d  fnr  :-c>*n  to-  caiibrati  i-  a--d  r-.av  i  at  Ini’  phases.  I  irst,  the  IGL-  I!?  inertial  Cato  ('i)S  and 
.  -  sfoi’/b  .  >i  ■  u- :  ■  r  r  L I -.  t-:.-  ,  '!--:i,  f  -  ■  f  cjwy  is  i-rricev  O’!  fbr-  i.g.u  the  -'-utccal  -lri  !  navi-gat  i  •:  n  programs . 


1 1'.!  ►  i  ■  i  un  a  •  I  1 1  lbr-V  i  -i.  pr---;  rd:,  ri-  i:— c  -.  ides  tip;  capal-’lii,  I  r.  dr !(  rii.i.'ic  the  tel  lowing  parameters: 

;  .r"  1  -s'.,  'i -sens ;  i  i .  -  dr-it,  stal-  tutor,  and  i-.isa’  iyn.Ter.f ;  arid  ,*'  ci-lerriiicler  bias,  scale  factor,  and 
n  I  sa  I  iqnneitr .  tor  I  in-  lull  r  ?1  ilirat  ion  j-'-ncedurt- ,  row  sensor  data  is  accumulated  ii:  each  of  tr.-lve  static 
;  r*s  it ;  nil  f  and  three  ilvn-in.it  i-.yit’ens.  The  dvr-asiic  sequence  employs  constant  rates  about  eacr.  axis,  in 
Inn.  1 :  i  order  u.  dr-  ■ 1  ini  u-.  i ,  r-s  scale  lac  ter  ard  a”  sa  i  i  -in'll  r.  f .  Tin  software  a‘so  supports  .artial 
i  .il  ll-i  at :  in  i-i-i-o-  -ini  ■- . .  a-  vta1 :  \  i !  can  is-  used  i'istead  ef  tv.vl.-i*;  i!  accelerometer  module 
i  i .  I  -  - 1  -.PMs  a  1  l  ■  i*  a  *•  ■  n  *  i"  a -a  i '  a  l’*'r  Vii’-i  I  ■  -  I  li  -■  i  --.  r- 1  r  a  I  i!  ral  ir.n  .  Aisii,  a  f  i  ve-f  Of  i  t  i  on  istatic  Gr.1..  } 
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The  Field  Calibration  procedure  permits  the  calibration  of  gyro  static  and  dynamic  error  parameters 
using  test  equipment  with  very  loose  tolerances.  The  test  procedure  assumes  that  the  LCIGS  accelerometer 
misalignments  have  already  been  accurately  determined  using  conventional  techniques.  The  gyro  parameters 
determined  by  Field  Calibration  are  bias,  g-sensitlve  drifts,  scale  factor,  and  misalignment.  The  PSE 
collects  and  stores  inertial  sensor  data  during  eleven  static  positions  and  during  six  90-degree  rotations. 
The  tape  containing  the  Inertial  data  Is  then  processed  via  uncoupled  Kalman  estimators  to  obtain  the 
polynomial  coefficients  of  the  sensor  output  data.  These  coefficients  are  used  in  an  algorithm  that  deter¬ 
mines  the  gyro  static  and  dynamic  parameters  using  two  or  more  passes. 


Softwai  e 


As  part  of  tne  Unaided  Tactical  Guidance  Validation  (UTGV)  flight  test  proaram,  the  software  necessary 
for  navigation  and  transfer  alignment  had  to  be  developed.  McDonnell  Douglas  (MDAC),  the  UTGV  contractor, 
chose  to  use  FORTRAN  fo  ■  all  applications  software  and  some  portions  of  the  executive  software.  The  Higher 
Order  Language  ( HOL )  applications  software  Is  organized  into  strapdown,  navigation,  and  filter  modules  as 
shown  in  Figure  4.  Tn1_  structure  is  designed  m  minimize  control  logic  and  inter-module  data  communica¬ 
tions  and  to  facilitate  the  extension  of  this  software  to  distributed  processing  system  (e.a.,  the  Air  Force 
Digital  Integrating  Subsystem).  All  three  applications  modules  contain  an  initialization  section  and  a 
computational  loop.  The  computational  loops  contain  at  least  one  buffered  data  Input  request  which  queues 
on  data  availability.  Control  is  passed  among  these  modules  by  the  scheduler  as  a  function  of  priority  and 
current  data  availability.  The  strapdown  module  has  top  priority;  it  queues  on  LCIGS  inertial  input  data 
at  100  Hz.  The  navigation  module  has  second  priority;  it  queues  on  the  transformed  inertial  data  output 
by  the  strapdown  task  at  10  H2.  The  Kalman  filter  module  has  lowest  priority;  it  queues  on  navigation  data 
output  and  C1R1S  reference  navigation  data  at  1  Hz.  Buffered  feedback  data  consists  of:  navigation  frame 
rates  sent  from  navigation  to  strapdown  at  10  Hz;  position  and  velocity  corrections  sent  from  the  Kalman 
filter  to  navigation  at  0.2b  Hz  (nom.nal;;  and  biases  and  tilts  sent  from  the  Kalman  filter  to  strapdown 
at  0.25  Hz  (nominal  ) . 


4.1  Executive  Software 

The  executive  software  provides  multi-task  scheduling  services,  inter-task  communications  services,  data 
input/output  und  formatting,  clock  maintenance,  and  operating  system  services  required  by  the  HOL.  The 
task  scheduling  system  provides  for  priority-based  multi-tasking  (t.e.,  time  sharing).  Tasks  are  scheduled 
by  interrupt  handlers  or  executing  tasks  upon  occurrence  of  a  significant  event.  Typical  external  events 
are  LCIGS  inertial  data  input  and  CIRIS  reference  data  input,  whereas  typical  internal  events  are  transformed 
inertial  data  available  and  filter  corrections  available.  A  ready  task  is  scheduled  by  being  added  to  that 
queue  appropriate  to  the  task  priority  level.  Each  queue  operates  on  a  firs t- ln-f i rst-out  (FIFO)  basis. 

If  the  task  being  added  is  hlgner  priority,  the  current  active  task  is  preempted,  and  the  new  task  is 
initiated.  This  provides  for  hast  response  to  time-critical  processing  requirements.  The  executive  pre¬ 
serves  the  necessary  operating  environment  of  the  task  being  preempted  (e.g.,  the  current  location  counter, 
registers,  and  status  word),  and  restores  the  operating  environment  of  a  task"' being  restarted. 


FIGURE  4.  Software  Mechanization 
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The  task  coinnunl cation  services  provide  for  buffered  data  message  passing  between  two  tasks,  or  between 
an  interrupt  handler  and  a  task.  This  approach  eliminates  most  of  the  real-time  data  Interlock  problems 
"associated  with  asynchronous  processing.  The  buffering  technique  Insures  the  time  consistency  of  data 
within  a  message,  and  allows  the  "stacking"  of  Inputs  to  a  task  to  eliminate  short-term  real-time  con¬ 
straints.  Two  service  functions  are  provided:  SEND  and  RECV.  SEND  physically  moves  the  message  buffer 
from  the  sending  task  to  either:  1)  the  receiving  task  input  buffer,  If  the  receiving  task  has  been  queued 
on  receipt  of  the  message,  or  2)  dynamically  allocated  system  storage  In  memory.  RECV  transfers  messages 
from  dynamic  storage  to  the  receiving  task  input  buffer  (if  the  message  had  already  been  sent),  or  enables 
the  direct  transfer  by  a  subsequent  SEND  (this  is  referred  to  as  message  receipt  queueing),  if  an  Input 
message  is  unavailable  at  RECV  time,  the  recelvirg  task  has  the  option  of:  1)  an  immediate  return  with  a 
status  parameter  Indicating  the  unavailability,  or  2)  of  being  preempted  until  the  message  becomes  available. 
This  option  is  a  parameter  of  RECV  calling  sequence.  SEND  is  responsible  for  rescheduling  any  Receiving 
task  waiting  on  the  message  sent. 

The  input/output  interface  software  performs  the  following  functions:  data  input  and  output,  data  con¬ 
version  to  and  from  MOAC  Model  771  internal  format,  measurement  of  arrival  times,  and  the  calculation  of 
“effective"  times  of  input  data.  The  I/O  Interface  software  utilizes  the  task  communication  services  to 
SEND  input  data  to  the  appropriate  processing  functions  and  to  RECV  data  for  output  from  various  processing 
functions.  The  I/O  functions  provided  are  LC1CS  I/O,  CIRIS  Input,  OCP  I/O,  and  DAS  output. 

The  executive  software  also  Includes  system  service  functions.  Clock  maintenance  service  Is  provided 
to  support  a  programmable  count-down  clock  which  measures  current  time  within  10  mi croceconds ;  a  FORTRAN 
run-time  library  is  provided;  and  various  supervisor  calls  are  implemented  to  provide  linkages  between  the 
executive  and  the  applications  software. 

Built-in  test  functions  are  Included  for  flight  readiness  checks.  These  tests  Include:  LCIGS  test, 
CIRIS  test,  OCP  controls  and  displays  tests,  and  the  DAS  test.  For  the  LCIGS  tests,  each  gyro  is 
sequentially  torqued  to  a  programmed  null  offset  position  and  then  back  to  a  null  position;  whereas 
accelerometers  are  checked  passively  by  monitoring  reasonableness  of  the  reasured  accelerometer  outputs. 


4.2  Strapdown  Module 

The  strapdown  module  performs  dynamic  compensation  of  the  LCIGS  inertial 
algorithm  to  determine  attitude,  and  transforms  acceleration  data  to  a  local 
North,  lip).  LCIGS  inertial  data  compensation  is  performed  for  the  following 
g-sensitive  gyro  drifts,  ani soinertial  gyro  drift,  gyro  drift  due  to  output- 
misalignments  of  gyro  and  accelerometer  axes.  These  terns  are  computed  at  a 
error  coefficients  stored  in  the  LCIGS  EAROM  memory.  (Note  -  LCIGS  Inertial 
LCIGS  for  temperature  effects  cn  bias  and  scale  factor  prior  to  transmission 
compensated  for  error  terms  determined  by  the  Kalman  filter  during  the  in-fl 
tlon  maneuver  sequence. 


data,  implements  a  quaternion 
-level  navigation  frame  (East, 
coupllng-typ?  terms: 
axis  angular  acceleration,  and 
100  Hz  rate  using  pre-flight 
data  is  compensated  wl thin 
),  The  inertial  data  is  also 
iaht  transfer  al  1  qmrent./cal  ibra- 


A  quaternion  representation  is  used  to  define  body  attitude  relative  to  the  navigation  frame, 

q  -  q  wB  -  yN  q 


”  inertial  attitude  rate  (in  body  axes) 
rfj  »  navigation  frame  rate  (in  navigation  axes) 

The  navigation  frane  rate  consists  of  eatth-rate  terns  plus  vehicle  transport  terms  ( i . e .  ,  velocity  divideo 
by  earth  radii).  The  Inertial  attitude  rate  (u„),  sensed  by  LCIGS  gyros,  is  highly  dynamic;  whereas  the 
navigation  frame  rate  (y.,),  computed  In  the  navigation  module,  Is  a  relatively  small.  Slowly  changlnq 
variable.  Therefore,  a  generalized  third-order  100  Hz  quaternion  algorithm  Is  used  to  compute 


and  a  first-order  10  Hz  update  is  used  for  thp  frame  rate  term. 


The  100  Hz  LCIGS  velocity  increments  are  transformed  to  the  navigation  frame  at  50  Hz  using  the  trans¬ 
formation  matrix  computed  from  the  quaternions  it  the  midpoint  of  the  Interval.  The  navigation  frame 
velocity  increments  are  accurulated  over  a  0.1  second  inter. al  and  then  sent  to  the  navigation  module. 

4.3  Navigation  f.uduie 

Ine  navigation  module  computes  current  position  ar-d  velocity  using  a  geodetic  earth  model.  Velocity 
is  integrated  into  position  at  10  Hz  using  trapezoidal  integration.  Navigation  fras.e  rates  (y.j)  arc 
computed  and  fed  hack  tc  t.Ke  strapdnv.n  module. 

The  navigation  module  also  o erf sm  special  suppo't  functions  ior  the  Kalman  filter.  This  module 
cumm  tes  those  elenc.'its  u i  lire  Kalman  f i  1  ter  system  dynamics  matrix  (I  -matrix)  that  vary  rapidly  with 
vehicle  attitude  notion,  'i.ese  el<"ier,ts,  v.-.ich  involve  terms  containing  accelerations  ("T,  A  A  )  and 
the  direction  cosine  matrix  i~ ' ,  are  accumulated  at  ■'  S  Hz  rate  and  averaged  over  3  one-second  interval. 
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4.4  FI  Iter  Module 
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A  conventional  15-state  Kalman  filter  is  employed  to  process  three-axis  CIRIS  velocity  measurements  at 
a  nominal  rate  of  0,25  Hz  during  a  transfer  alignment/calibration  maneuver  sequence.  The  Kalman  filter  code 
has  been  optimized  via  sparse-matrix  techniques,  partitioning,  and  symmetry  considerations  and  is  compatible 
with  single-precision  floating-point  processing.  The  filter  mechanization,  based  on  the  UTG  study  ,  includes 
the  following  states:  velocity  (3),  attitude  (3),  gyro  bias  (3),  g-sensltive  drift  (2),  accelerometer 
bias  (3),  and  axial  accelerometer  scale  factor  (1).  During  the  navigation  phase,  the  filter  is  augmented 
with  three  position  states.  These  states  facilitate  flight  test  navigation  performance  analysis  (i.e.,  com¬ 
pare  actual  position  errors  to  filter  variances),  and  provide  a  growth  capability  for  midcourse  position 
update  systems . 

The  state  transition  matrix  (a)  is  propagated  using  the  system  dynamics  matrix  (F)  as  follows, 

♦  '  •-  U+h  at)4 

where  the  time  interval  is  nominally  one  second.  The  covariance  matrix  orop3gation  algorithm  Is, 

P’  =  pPoT  +  Q  at 

where  Q  is  the  driving  noise  matrix.  For  LCIGS,  driving  noise  must  be  added  to  the  attitude  states  (3)  and 
gyro  hias  states  (3)  to  reflect  the  random  characteristics  of  the  low-cost  gyros  (i.e.,  random  walk  on 
attitude  and  random  walk  of  gyro  drift). 

A  filter  tuning  feature  called  “turn  compensation"  is  included  to  enhance  filter  perfoimance  during 
alignment  turns  without  impacting  wings-level  performance.  (Note  -  a  wlngs-level  axial  acceleration 
alignment  maneuver  was  recommended  In  the  UTG  studies).  Additional  driving  noise  is  added  to  the  attitude 
states  during  turns  to  compensate  for  unmodelleo  gyro  scale  factor  and  nonorthogonality  errors.  The  com¬ 
pensation  algorithm  is, 

aQ  (attitude!  =  C^2  +  C2  (^p)2 


where 


C,  -  constants 
Uj  -  x-gyro  (axial)  output 

4  5  roll  angle 

V  =  vehicle  velocity 

A  delayed  observable  mechanization  is  used  to  incorporate  Kalman  updates.  The  Kalman  gain  (K),  computed 
at  the  effective  measurement  time,  is  propagated  to  the  measurement-incorporation  time  via  the  appropriate 
state  transition  matrix, 


K'  =  4  K 

This  feature  permits  Kalman  corrections  to  be  efficiently  Incorporated  into  the  state  long  after  the 
effective  measurement  time  and  minimizes  processor  throughput  requirements  by  permitting  Kalman  operations 
to  be  spread  out.  It  also  provides  growth  capability  for  midcourse  update  applications  ( e . g .  ,  terrain  con¬ 
tour  matching)  where  the  measurement  is  delayed. 

5.  System  Test  Configurations 

The  UTGV  test  configurations  consist  of  a  flight  configuration  for  operation  in  the  C-141  aircraft  and 
a  laboratory  configuration  for  interface  and  software  development.  The  flight  configuration  consists  of  the 
LCIGS,  guidance  processor,  an  operator  control  panel,  and  a  power  control  and  conditioning  unit.  It  inter¬ 
faces  witn  the  Completely  Integrated  Range  Instrumentation  System  (CIRIS)  for  transfer  alignment  and  with 
a  data  acquisition  system. 

5.1  flight  Configuration 

The  flight  configuration  is  shown  in  Figure  5.  The  LCIGS  strapdown  Ineitial  packaqe  provides  Incremental 
sensor  data,  TV's  and  '.o's  to  the  MOAC  Model  771  navigation  processor  in  response  to  a  command  from  the 
navigation  processor  to  initialize  and  start  the  transfer  of  mertlal  d3ta.  The  LCIGS  data  Is  compensated 
via  temcerature-corrected  bias  and  scale  factor  coefficients  prior  to  transmission.  Sensor  data  compensa¬ 
tion  is  completed  in  '-He  navigation  processor  wi.ich  incorporates  the  coupling-type  terns,  e.g.,  g-sensltive 
drift,  anisoinerti al  coupling,  output-axis  coupling,  and  misalignments.  The  coefficients  for  these  terms 
arc  transmitted  from  the  LCIGS  tAROM  renory  during  initialization.  The  navigation  processor  performs 
executive  functions  and  implements  strapdown  navigation  and  Kalman  filter  algorithms  to  effect  transfer 
alignment  and  uraided  navigation.  The  navigation  processor  also  performs  system  integration  functions  v,a 
diglta1  Interfaces  with  LCIGS,  the  CIRIS  reference  navigator,  the  operator  control  panel  (OCP),  the  CIGTF 
data  acquisition  system,  and  the  Silent  700  printing  terminal.  The  CIRIS  serves  a  dual  function:  (1)  per¬ 
forms  the  function  of  a  precision  aircraft  navigation  system  whicn  is  required  for  UTG  missions,  and  (2)  pro¬ 
vides  tne  scoring  reference  for  flight  data  performance  analysis.  CIRIS  transmits  a  data  block  containlnc 
attitude,  position,  and  velocity  r»f*«nr«  data.  The  complete  data  set  is  used  bv  the  navigation  processor 
to  initialize  the  strapdown  navigation  system,  whereas  a  velocity  maten  is  used  for  transfer  alignment. 

The  OU  applies  power  to  the  system  and  seciuences  the  navigation  processor  through  program  loading  (from  a 
Tektronix  tape  corlriUge) ,  alignment,  navigation,  and  test  modes.  Displays  are  provided  for  monitoring 


system  performance  data,  failure  conditions,  and  the  operating  mode.  The  CIGTF  Data  Acquisition  System 
(DAS)  is  the  primary  means  of  recording  flight  data,  however  the  Silent  700  printing  terminal  will  be  used 
for  quick-look  data  output  during  all  ground  tests  and  during  C- 141  flight  tests.  The  pwer  control  unit 
(PCU)  conditions  aircraft  power  for  the  LC1GS  and  the  771  processor,  routes  unconditioned  power  to  the 
LCIGS  heaters  and  blower  and  to  a  blower  for  the  771,  and  converts  single-ended  LC1GS  signals  Into  double- 
ended  signals  for  Interfacing  with  the  771.  A  picture  of  the  flight  hardware  is  provided  in  Figure  6. 
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FIGURE  S.  UTGV  Flioht  Configuration 
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5,2  Laboratory  Configuration 

The  laboratory  configuration  provides  the  basis  for  navigation  equipment  Interface  development  and 
navigation  software  testlnq.  The  laboratory  configuration  features  a  switch  box  to  provide  the  capability 
to  switch  LCIGS  data  signals  from  the  CSDL  Peculiar  Support  Equipment  to  the  Model  771  processor  without 
gyro  power  interruption.  This  capability  facilitates  software  development  and  PSE-effectl veness  evalua¬ 
tions. 

The  laboratory  configuration  Is  shown  In  figure  7.  The  MDAC-built  equipment  (heavy  lines)  operates  In 
conjunction  with  the  CSDL-built  LCIGS,  PSE,  and  remote  terminal.  The  PS E  provides  a  stand-alone  system 
level  test  capability.  For  stand-alone  operation,  LCIGS  is  connected  to  the  PSE  via  the  remote  terminal 
which  routes  power  to  LCIGS  and  converts  LCIGS  output  data  from  single  ended  to  double-ended  signals.  This 
conversion  to  double-ended  signals  is  required  to  allow  transmission  over  long  laboratory  interconnect 
cables.  The  PSE,  described  in  Reference  4,  consists  of  a  Norden  PDP  11/34  minicomputer,  digital  I/O,  a 
OEC-writer  hard  copy  console  terminal,  and  a  magnetic  tape  for  mass  storage  of  both  PSE  test  programs  and 
system  test  data.  The  minicomputer  implements  the  following  functions:  1)  navigation  performance  tests 
using  a  simplified  al ignment/navigation  mechanization,  2)  three  calibration  procedures  (Traditional 
Calibration,  field  Calibration,  and  Autocall  along  with  EAROM  data  base  management,  and  3)  diagnostic  test¬ 
ing  for  fault  isolation  of  LCIGS  hardware  and  software. 
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fIGURE  7.  UTGV  Laboratory  Configuration 


The  MDAC  switch  box  provides  tne  capability  to  electronically  switch  LCIGS  data  signals  from  tne  PSE  to 
tne  MPAC  Model  771  navigation  processor  without  interruption  of  the  PSE-supplied  power  to  LCIGS.  This  allows 
a  comparison  of  LCIGS  inertial  navigation  operation  with  either  the  PSE  or  Model  771  without  turning  off  the 
LCIGS  gyros  and  introducing  large  gyro  bias  shifts.  This  provides  a  cross  check  of  processor  hardware, 
interfaces,  and  software,  it  facilitates  the  evaluation  of  PSr  effectiveness,  an  objective  of  the  UTGV 
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6.  Test  Feculiar  Hardware 

As  discussed  in  the  systen  test  configuration  section,  the  I'TGV  test  program  wi  1 1  interface  the  LCIGS, 
a  gu’dance  process?'',  operator  control  panel,  and  a  power  control  unit  into  a  system.  This  section  describes 
the  processor,  digital  interfaces,  and  operator  control  panel  used  for  the  test  program.  Eventually  the 
LCIGS  will  be  interfaced  with  the  Digital  Integrating  Subsystem  (01 S).  The  software  developed  for  the  UTGV 
program  will  be  implemented  in  L’IS  and  a  free-fllght  midcourse  guidance  demonstration  program  conducted. 

6.  1  Navigation  frocessor 

Tne  MDAC  Model  771  is  a  ruggedized,  high-speed,  !6-bit  d“ner?l  purpose  processor  built  by  McDonnell 
Douglas  AstronautiCS-huntington  Geacr  ("DAC-MB).  The  model  771  is  currently  being  applied  to  the  Joint 
Tactical  Information  Distribution  System  f JT ICS)  terminal  processor  where  flight  tests  In  an  F-4  pod  are 
planned.  It  is  also  the  selected  processor  for  the  MDAC-HB  Advanced  Lightweight  Torpedo  (ALKT)  program. 

The  Model  771  is  nased  upon  the  a«l>  2900  logic  family  and  emulates  the  popular  Perkln-Elmer  ( Interdata ) 
6/16  cemnercia)  mini  computer.  It  provides  a  large  Instruction  set,  including  fixed  and  singip-precision 
floating  point  arithmetic,  and  instructions  for  byte,  logical,  shift  and  input/output  operations.  A  hardware 
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implementation  is  used  to  provide  the  capability  for  high-speed  single-precision  floating  point  operations. 
This  capability  is  highly  desirable  for  executing  the  HOL  code  in  general  and  the  Kalmar,  filter  code  in 
particular.  The  single-precision  floating  point  word  Is  32  bits  (21-24  bits  of  mantissa  depending  on  the 
data).  The  771  has  16  general  purpose  registers  (15  useable  as  Index  registers),  and  eight  single-precision 
floating  point  registers.  Input/output  Is  based  on  a  unibus-type  architecture,  and  16  hardware  priority 
interrupts  art  provided  (expandable  to  64).  A  32K  16-bit  word  memory  Is  used. 


The  771  has  a  cycle  time  of  no  more  than  267  nanoseconds.  RAM  memory,  with  an  access  time  of  240  nano¬ 
seconds,  is  used.  Approximate  instruction  timing  with  this  fast  memory  is  as  follows: 


Floating  Point  -  Add/subtract 
Multiply 
Divide 
Load 
Store 

Fixed-Point  (memory  to  register) 

Add/subtract 
Mul ti ply 
Divide 

Load/Store/Logical 


3.0  microsec. 
8.0  microsec. 
15.0  microsec. 
2.8  microsec. 
1.2  microsec. 


0.72  microsec. 
5.04  microsec. 
8.83  microsec. 
0.72  microsec. 


Double  precision  floating  point  arithmetic  is  emulated  in  the  software.  Its  use  is  restricted,  for 
efficiency,  to  adds  and  subtracts,  and  is  only  used  where  necessary  (e.g.,  ir,  quaternion,  velocity,  and 
position  integrations). 


6.2  Digital  Interfaces 

The  LCIGS/771  interface  provides  for  bidirectional  serial  data  transfer  between  LCIGS  and  the  Model  771 
at  a  250  KH2  bit.  rate.  A  variable  length  block  transfer  protocol  is  implemented  with  hand  shaking  in  both 
directions.  The  line  protocol  allows  LC16S  to  interrupt  any  incoming  transmission  from  the  Model  771  in 
order  to  transmit  time  critical  Inertial  data  to  the  771.  The  771  interface  provides  interrupts  to  the 
software  for  each  word  received  from  or  transmitted  to  LC1GS. 

The  CIRIS/771  interface  is  a  one-way  serial  communications  from  CIRIS  to  the  771  at  a  2.4  MHz  bit  rate, 
in  ]  Hz  data  blocks  of  24  16-bit  words.  The  data  blocks  are  surrounded  by  a  data  envelope  signal  line. 

The  clock  is  provided  in  the  CIRIS  UART  (Universal  Asynchronous  Receiver-Transmitter),  Due  to  the  high 
transmission  rate  and  lack  of  i nter-cemputer  handshaking,  incoming  CIRIS  data  is  buffered  in  FIFOs  in  the 
771  interface  el ectronics .  Interrupts  to  the  771  software  are  therefore  provided  only  at  start  and  end  of 
ol OCX  . 

The  OCP/771  interface  provides  bidirectional  serial  communications  at  a  250  KHz  bit  rate.  The  77) 
interface,  under  software  control,  initiates  transfer  in  both  directions.  Incut  from  the  OCP  is  one  16-bit 
wed  containing  the  current  positions  of  all  switcr.es  and  controls.  Output  to  the  OCP  consists  of  three 
16-oi t  words  to  drive  all  lights  and  displays.  The  OCP  lights  and  displays  are  held  constant  to  the  data 
last  received  from  the  771.  Tne  771  software  will  service  both  input  and  output  at  2  Hz,  although  input 
and  output  does  not  occur  at  the  same  time.  The  transmission  clock  and  all  shift  counters  are  provided 
frc.:i  the  771  inter'ece  side. 


Tne  771/AAS  inte-face  provides  a  one-way  16-bit  parallel  data  path,  w>  th  handshaking  to  alio-  each 
processor  (771  and  CAS)  to  operate  at  its  cv.n  convenient  speed  according  to  current  processing  demands. 
Provisions  are  made  for  the  ;  i  S  to  signal  recording  problems  hack  to  the  771  (e.g.  .  end -of- tape  reached). 
Hhpr  t.iir-  DAS  is  nut  connected,  the  771  interface  will  automatically  provide  the  problem  sional  to  the  771 
sot tware . 


6.3  Operator  Control  ‘’and 

The  Operator  Control  Panel  ,  shown  ir,  figure  H.  provides  controls  for  program  load,  mode  select, 
reference  navigator  select,  end  ;e$i -d  splay  select.  Displays  are  provided  for  monitoring  system  per¬ 
formance  cata,  failure  conditions,  and  operating  mode.  The  OO'  mono  select  rotarv  switch  controls  system 
power  to  the  771  processor  ai  d  LCiGS  (removed  when  in  the  (Tf  position) ,  enables  computer  program  loadinq, 
SJ  the  selection  of  s  vs  ten  Old  alin.i  mode .  Operating  modes  consist  of  TFST  ,  standby  ($T5V),  transfer 
•jl I  inner,  i  (A;  !i ) ,  and  unaided  i.avi  «at<c»  ( W ; .  T-ST  redo  rrovses  five  built- in- tests  which  are  indi- 
v-iudliy  selectable  via  tne  test/afs&lav  select  thumbwheel .  The  tests  .are  intended  to  verify  system  flight 
readiness  and  supplement  'jirt  i  sol  at  i  or.  to  the  module  level.  Standby  "ode  provides  a  oonoperat'onal  state 
which  effectively  reinitializes  filter  parameters  between  runs  and  disables  flier.*  recording.  ALU  mode 
can  be  ertcred  either  from  ST.Y  or  ;i«V  mode.  In  the  latter  case,  filter  parameters  (e.o.  ,  biases)  arc*  not 
reinitialized.  This  capability  is  provided  to  a*  low  r*ul  ti  position  static  lab  a’iqnn.erts  (NAV  mode  car  he 
selected  d.ring  rents  i  i  i  uni  mi  ii:  order  to  avcid  faulty  reasurenent  data).  The-  reference  navigator  select 
Switch  is  used  by  the  771  software  to  deter.nire  which  reference  data  to  use,  C 1  -II S  or  constant  laboratory 
(:.*■<::  mode)  data.  Might  recording  is  automatically  started  in  ALIt  and  NAY  nodes. 

The  six-digit  system  performance  display  is  controlled  Ly  the  test/display  select  thumbwheel  in  all  but 
TEST  mode.  (In  TEST  mode,  the  display  is  controlled  by  specific  test  requirements.)  Examples  of  selectable 
parameters  arc*:  mode  time,  position,  velocity,  and  navigation  errors. 

Extensive  and  continuous  error  cond i t i on  men i torinq  i$  provided  to  Supplement  the  bui  1  t-in-tests  .  An 
error  light  is  provided,  along  with  a  two-digit  err or  code  display.  The  following  are  examples  of  monitored 
error  conditions:  LCiGS  overheated,  LCIGS  and/or  CIRIS  transmissions  overdue,  navigation  errors  exceed 
tolerance,  and  LCIGS  sensor  failures. 
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FIGURE  8.  Operator  Control  Panel 
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7.  Test  Plan 

The  test  objectives  of  the  IITGV  program  are: 

1)  A  determination,  through  system  level  testing,  of  the  magnitude  of  LCIGS  sensor  errors. 

2)  A  determination  of  the  effectiveness  of  the  peculiar  support  equip.nent  (PSE)  designed  for  LCIGS  in 
performing  pre-flight  sensor  calibration. 

3)  A  determination  of  the  effectiveness  of  the  15-state  Kalman  filter  in  initializing  and  aligning  the 
system  and  calibrating  the  LCIGS'  sensor  errors. 

A)  A  determination  of  the  most  effective  aircraft  maneuver  for  making  tne  LCIGS  sensor  errors  observ¬ 
able. 

5)  A  determination  of  system  accuracy  over  tactical  weapon  trajectories  up  to  ten  minutes  in  length. 

The  test  plan  calls  for  an  in-house  laboratory  test  phase  at  MDAC  and  a  Holloman  AFB  ( HAFB )  flight  test 
l  base.  The  in-house  tests  are  primarily  concerned  with  system  validation  and  special  PSE  Effectiveness 
tests  using  the  switch  box  capability  of  the  lab  test  configuration.  The  Holloman  test  plans  include 
laboratory  tests  and  C  -  Id.  1  flight  tests.  Flight  testing  will  emulate  as  closely  as  possible  the  Unaided 
Tactical  Guidance  study  scenario.  The  CIRIS  is  very  similar  in  accuracy  to  the  GPS/lnertial  system  used 
in  the  studies.  Genign  weapon-like  trajectories  will  cc  flcv.n  by  the  C - 1 4 1  to  simulate  post-launch  dynamics 
and  a  variety  of  alignment  maneuvers  will  be  tried  to  determine  which  allows  best  sensor  calibration. 

7 . 1  Laboratory  Tests 

Fol lowing  system  integration  and  software  debugging,  in-house  testing  will  be  conducted  at  MDAC  to 
validate  system  navigation  perfomance  and  initially  assess  PSt  effectiveness.  These  tests  will  employ  both 
the  laboratory  test  cont i guraiion  and  the  flight  test  configuration  previously  disejssed  (Section  5).  The 
laboratory  configuration  will  be  used  for  software  validation  and  FSE  effect i .eness  testing  because  the 
switch  box  feature  allows  the  processing  of  LCIGS  outputs  to  be  done  in  either  the  nSE  or  the  771  which  is 
useful  for  comparative  analysis. 

The  uCIGS  navigation  system  performance  will  be  validated  in-house  through  multi  posit  ion  transfer  align¬ 
ment  and  navigation  runs  using  lab  reference  (e.g.,  zero  velocity)  as  the  alignment  measurement.  The  tests 
"ill  be  performed  on  a  two-axis  tilt/index  table  with  five  minutes  allotted  for  each  position  in  a  transfer 
alignment  sequence  and  10  minutes  for  the  navigation  phase.  The  following  is  a  listing  of  the  tests: 


Static  transtei-  alignment  and  static  navigation 
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b.  Static  transfer  alignment  and  two-azimuth  navigation 

c.  Two-azimuth  transfer  alignment  and  two-azimuth  navigation 

d.  Static  transfer  alignment  followed  by  navigation  with  the  LCIGS  dipped  from  the  alignment  position. 

e.  Transfer  alignment  with  dip  and  navigation  with  dip 

f.  Static  transfer  alignment  and  navigation  with  Scorsby  motion 

During  these  tests,  position,  velocity,  attitude,  and  sensor  bias  estimates  are  printed  on  the  Silent  700 
terminal  for  data  analysis. 

PSE  effectiveness  will  be  determined  by  a  series  of  in-house  tests  utilizing  the  switch  box  capability 
of  the  laboratory  configuration  (Figure  7).  These  tests  consist  of  a  PSE  cal ibration/navigation  sequence 
followed  by  a  transfer  alignment/navigation  sequence  using  the  Model  771  processor.  The  gyros  will  remain 
cowered  throughout  the  entire  test  so  that  gyro  error  estimates  and  navigation  results  from  the  PSE  and  771 
processor  are  comparable.  The  following  specific  tests  will  be  accomplished. 

a.  A  PSE  1-position  Autocal  will  be  followed  by  a  10-minute  PSE  static  navioation  run.  A  static 
transfer  alignment  and  navigation  will  immediately  follow.  The  navigation  results  and  filter  estimates  of 
gyro  bias  will  be  compared  with  the  PSE  navigation  results  and  PSE  estimate  of  gyro  bias. 

b.  A  PSE  3-position  Autocal  test  followed  by  a  10-minute  PSE  navigation  run  with  a  5-degree  dip  will 
be  performed.  PSE  gyro  error  estimates  and  position  and  velocity  results  will  be  recorded.  A  transfer 
alignment  with  dip  followed  by  navigation  with  dip  will  then  be  performed  and  the  results  compared  with  PSE 
results . 

c.  A  PSE  1-position  autocal  test  followed  by  a  10-minute  PSE  navigation  with  Scorsby  motion  will  be 
performed  followed  by  a  static  transfer  alignment  and  navigation  with  Scorsby  motion.  The  gyro  estimates 
and  position  and  velocity  errors  will  be  compared. 

d.  Gyro  bias  and  the  three  acceleration-sensitive  drifts  will  be  determined  for  each  gyro  using  the 
5-position  PSE  traditional  calibration.  A  test  will  then  be  conducted  using  a  series  of  transfer  alignments 
to  provide  estimates  of  gyro  bias  and  output  and  spin  axis  acceleration-sensitive  drifts.  The  results  will 
be  compared . 

7 . 2  UTG  FI ight  Tes ti ng 

System  performance  tests  will  be  conducted  by  C1GTF  at  Holloman  AFB.  Three  types  of  testing  are 
planned:  laboratory,  ground,  and  flight.  During  laboratory  testing,  the  navigation  system  and  the  PSF  will 
be  evaluated  using  tables  with  3-axis  and  rate  capability.  Ground  tests  will  be  used  to  revalidate  the 
system  prior  to  flight  tests  arid  to  evaluate  the  system  under  Scorsby  motion.  During  flight  tests,  the 
system  will  be  installed  in  a  C-141  aircraft  equipped  with  CIRIS  to  evaluate  navigation  performance  in  a 
f 1 i ght  environment . 

Laboratory  tests  will  be  used  to  determine  the  effectiveness  of  the  PSE  in  calibrating  LCIGS  and  to 
determine,  through  system  level  testing,  the  characteristics  and  magnitudes  of  LCIGS  sensor  errors.  Figure 
9  shows  the  laboratory  tests  planned  and  the  objective  of  each  test. 

Ground  testing  will  be  performed  to  validate  system  operation  prior  to  flight  testing  and  to  collect 
additional  performance  data.  Tests  include:  static  alignment  and  static  navigation,  two-azimuth  alignment 
and  two-azimuth  navigation,  and  static  alignment  followed  by  navigation  with  Scorsby  motion. 

A  summary  of  the  olanned  C-141  flight  tests  is  Dresented  in  Figure  10.  Transfer  alignment  maneuvers 
include  acceleration  decel erat ion ,  half-S  turn,  and  rudder-only  turn  maneuvers.  The  10-minute  navigation 
profiles  cor... :  t  of  straight  and  level,  turn,  acceleration,  and  descending  trajectories.  Transfer  align¬ 
ment  sequence  are  repeated  at  least  six  times,  and  the  navigat’on  profile,  with  a  specific  alignment,  are 
repeated  at  least  three  times  for  statistical  evaluation  purposes.  From  the  data  collected  on  these 
fliqhts,  a  determination  of  the  effectiveness  of  the  Kalman  filter  in  initializing  and  aligning  the  system 
and  calibrating  LCIGS  sensor  errors  can  be  made.  Additionally,  the  most  effective  aircraft  maneuver  for  a 
gi.en  post-launch  navigation  profile  and  overall  system  CLP  over  various  tactical  weapon  trajectories  can 

determined.  Data  analysis  will  be  performed  Independently  by  buth  MDAC  and  CIGTF  personnel.  The  CIRIS 
:  isition  and  velocity  outputs,  time-tagged  and  recorded  during  flight,  will  serve  as  the  absolute  reference 
tor  the  analyses . 
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LABORATORY  TEST 
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C  I  :  AT  MUTtl  AUGNMEM. 

TWO  A/i;,H)Tii  NAVIGATION 

0.  STATIC  ALIGNMENT  NAVIGATION 

WITH  DIP 

E  ALIGNMENT  i,viT|.  dip 

NAVIGATION  with  dip 

1:1  It  K i', "  1 , i  SE.NSOR  ERRORS  FROM 

Si  Si  r  M  (  E  V  E  L  TESTING 

•  Gyro  BIAS  ERRORS 

•  ACCC  LC  ROME  TER  ERRORS 

•  ACCELERATION  SENSITIVE 

DRIFTS 

•■'ULTIPOSITICN  LEVI  1.  GYRO  CALI 

RRATION 

DETERMINE  SENSOR  ERRORS 

•  GYRO  BIAS 

•  GYRO  OUTPUT  AND  SPIN  AX'S 

ACCELERATION  SENSITIVE  DRIFTS 

PATE  SENSITN  ITY  TESTS 

(RATES  FROM  1  TO  100 

DEG  SEC 

DETERMINE  SENSOR  CHARACTERISTICS 

•  GYRO  PLUS  AND  MINUS  SCALE 

FACTOR 

•  INPUT  AXIS  MISALIGNMENTS 

•  GYRO  RATE  SENSITIVITY 

The Rf.*. a l  tests 

A  10°C  COOLDOWN  TESTS 

3  CONST  AfsiT  TEf/.PF  MATURE  TESTS 

DETERMINE  SENSOR  CHARACTERISTICS 
•  GYRO  TEMPERATURE  SENSITIVITY 

AND  STABILITY 

FIGURE  9.  CIGTF  Laboratory  Tests 
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FIGURE  10.  CIGTF  C- 141  Flight  Tests 
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TRANSFER  ALIGNMENT  (6  MINUTES) 

NAVIGATION  PROFILE  {10  MINUTES! 

ACCELERATION!  DECELERATION 

•  STRAIGHT  AND  LEVEL  FOR  3  MIN  AT 

250  KT AS  (463  km/hr) 

•  AT  3  MIN  ACCELE  RATE  TO  360  KTAS 

1649  knil.ri 

•  AT  3.5  MIN  DECELERATE  TO  250  KTAS 
(463  knvhr ) 

•  STRAIGHT  AND  LEV'LL  AT  250  KTAS 
(463  km  hr) 

1  STRAIGHT  AMD  LEVEL 

2  TURN  (600  TURN  AT  30°  BANK  AT 

1  nun] 

3.  ACCELERATION  (ACCELERATE  TO 

350  KTAS  AT  1  MIN] 

4.  DESCEND  Ai  1000  FT  MIN  1305m. min! 

ACCELERATION  DECELERATION 

•  SAME  MANEUVER  SEQUENCE  AS 

ABOVE 

•  CIRiS  AIDING  OF  AIRCRAFT  NAVIGATOR 

TURNED  OFE 

1.  TURN  (60°  TURN  AT  30°  BANK  AT 

1  MIN; 

2.  ACCELERATION  ^ACCELERATE  TO 

350  K  T  AS  AT  1  MIN  - 

COORDINATED  HALF  3  TURN 

•  STRAIGHT  AND  LEVEL  FOR  3  MIN  AT 

360  KTAS  (649  km.llri 

•  45°  TURN  AT  300  BANK  ,0  5  MINI 

•  90°  TURN  AT  -30°  BANK  1  i  MINI 

•  45°  TURN  AT  30°  BANK  (0.5  MINI 

•  STRAIGHT  AND  LEVEL  (1  MINI 

1  STRAIGHT  AND  LEVEL 

2  TURN  '60°  TURN  Al  30°  BANK  AT 

MIN  i 

COORDINATED  HALF  S  TURN 

•  SAME  MANEUVER  SEQUENCE  AS 

ABOVE 

•  TURN  COMPENSATION  INHIBITED 

1  STRAIGHT  AND  LEVEL 

2  TURN  i60°  TURN  AT  30°  BANK  AT 

1  MIN) 

EXCESS  RUDOER  TURN 

•  STRAIGHT  AND  LEVEL  FOR  3  MIN  AT 

350  KTAS  (649  km  hr) 

•  450  TURN  AT  15  DEG  SEC  HEADING 

RATE  WITH  EXCESS  RUDDER 

•  -90°  TURN  WITH  RUDDER 

•  45°  TURN  WITH  RUODER 

•  STRAIGHT  AND  LEVEL  tl  MIN' 

1  STRAIGHT  AND  LEVEL 

2  TURN  ,60°  TURN  AT  30°  BANK  AT 

1  MIN) 

8.  Conclusion 

The  nardwar-  and  software  described  has  been  integrated  to  form  a  flight-ready  system.  The  Laboratory 
testing  described  in  Section  7  will  conmence  in  M.ay  80  and  the  system  sent  to  Holloman  AFB  in  mid-June  80 
for  f 1 i ant  test.  The  flight  testing  of  the  brassboard  LCIGS  system  will  be  completed  in  October  80  with 
engineering  model  LOGS  system  flignt  test  to  follow  shortly  thereafter.  In  October  81  the  UTG  concept 
will  be  free-flown  in  a  r.idcourse  guidance  demonstration. 
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ABSTRACT 

The  optimal  guidance  laws  proposed  tor  air  to  air  missiles  are  generally  based  upon  a  criterium 
involving  the  miss  distance  and  sometimes  the  energy  consumed  for  manoeuvering . 

These  guidance  laws  lead,  assuming  a  linearization  around  the  collision  course,  tc  proportional 
navigation  in  the  simplest  case,  and  tc  the  well  known  four  state  law,  if  additional  refinements  are 
introduced. 

However,  these  results  assume  im.olicitely  small  perturbations  around  thw  collision  course,  or  a 
relatively  lone  range  firing  ;  this  is  not  the  case  with  air  to  air  dogfight  missiles,  specially  with 
large  off-boresight  launch  conditions  and  snort,  firing  ranges. 

The  aim  cf  tre  study  which  has  been  undertaken  was  to  derive  an  "optic, al"  guidance  law  (taking 
into  account  the  flight  time  ano  the  consumed  energy  in  the  "cost"  function),  without  having  to  assume 
1  ir.earizatior,,  i.e  low  ott -beresignt  conditions  with  respect  to  the  collis.or,  path,.  A  condition  cn 
miss  distance  is  set  by  imposing  a  constraint  cn  the  final  state  missile  lo  target  range.  The  study 
has  beer  conducted  assuming  a  constant  speed  missile,  which  has  led  to  a  closed  forme  analytical  expres¬ 
sion  for  the  guidance  law. 

However,  this  solution  imposes  to  know  tne  final  state  ;  in  order  to  solve  difficulty,  we  have 
aevelopped  an  algorithm  tc  mechanize  the  guidance  law. 

The  results  cbtalred  with  the  optimal  guidance  law  have  been  compared  to  the  ones  obtained  with 
conventional  proportional  navigations  (tri.o  P.N  and  pure  P.N). 

Tne  results  shew  that  the  op-vnal  guidance  law  derived  in  this  study  is  always  convergent,  even 
in  firing  conditions  where  T .P.N.  fails  (!ar>"  off  boresight)  ;  However,  it  seems  that  P.F.N.  leads  to 
very  comparable  results,  provided  tne  gain  is  adeouutcly  adjusted,  without  the  complication  of  needing 
the  final  state  knowledge. 


1.  INTkOCdCt ION 

Les  lois  de  guidage  optimales  classiaues,  (four  state  law,  pa.'  exempt e) ,  supnosent  qu^  le  missile 
est  tire  au  voisinage  des  conditions  de  collision. 


Or,  Cans  oe  nor.it reux  cos,  les  missiles  de  combat  rapprocr#  tutors  seront  tirls  avet  un  fort  depoin- 
tage  initial  par  rapport  a  ces  conditions. 


r 
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Pour  tenter  oe  rescuore  ce  probIAne»  nous  avons  etudie  une  loi  de  navigation  '  optimale"  pour  un 
■fissile  evo'uAr.t  dor.s  un  plan,  a  vitesse  cor.starte,  mais  sars  hyroih^se  simpl  i  ficatrice  sur  la  direction 
0‘.»  son  '.e^tcir  vitessv. 

Le  cr'-terc  d'  op  t  ir.;  sat  icr  c'noisi  cc.cerne  le  te~ips  3°  vo*  et  la  con^craraticn  d'enercir. 

Dans  le  car-  d  ur,  nissile  evoluart  «*  vitesse  cor.stantc  et  chsoosant  d'un  ten-.r-c  de  repon^e  en  accele¬ 
ration  lati-ra  lo  irfininent  court,  une  formulation  anal.tique  de  cette  1  oi  de  guidage  optima  Se  a  pu  etre 
e  <  p  1  i  c  i tee . 

Ncus  avons  er.suite  defini  un  alge^i  tru**  de  resolution  en  vue  (Tune  necanisaticn  ci?  la  1  o i  -  On  peut 
.ivsi  i*t  i 1  i spr  cette  'ci  sur  un  TC-dele  plan  pu.s  reaMste  (missile  presentant  ues  saturations  de  rnanoeu- 
v  'ar,  i  1  i  ,  c i  t> I  e  T.or.oeu-.  ro n te ' . 


2.  CINEHATIQUE  ET  EQUATIONS  D'ETAT 


Supposant  que  la  cible  et  Is  missile  evoluent  dans  un  plan,  la  gAomfctrle  relative  de  ces  deux  mobiles 
est  dgfinie  par  la  figure  suivante  : 


repere  inert'el  de  rA*erence 
position  de  la  ciD'.e 
vecteur  vitesse  de  la  -lf’.e 
module  de  la  vitesse  de  la  cifc'e 

angle  (OX,  Yf )  ddfirissant  la  direction  de  la  vitesse  de  !a  ciblo  par  rapport  du  repere  inertiei . 
acceleration  re  la  -t  i  d  i  r»  norma  I  e  au  vecteur  vitesse 
posit  ion  du  ir.issi  le 

coordonn^es  du  missile  dans  le  repere  OX V 
vectejr  vitesse  du  missile 
module  ae  la  vitesse  du  missile 

ar.gie  (OX,  \'v)  defir, issant  la  direction  oe  la  vitesse  Ou  missile  par  rapport  au  repere  inertiei. 
acceleration  du  missile,  penal?  au  vecteur  vitesse. 
distance  missile  -  ciolt 

angle  (OX,  VT)  def  inssant  la  direction  de  la  dreito  rnissi  le  -  but  par  rapport  au  repere  inertiei 


En  supposant  que  : 

.  La  vitesse  V„  du  nissile  est  une  constante 

ri 

.  Le  missile  est  comrande  en  acceleration  perpendiculai  remer.t  a  sa  vitesse 
.  Le  temps  de  renor.se  du  nissile  a  cette  conrance  est  r.ul  . 

los  eciuaticns  d'etat  cu  svstere  neuvent  s'e^ri^e  : 


(  Q  =  —  i  VJ-n(ri-0 -V. 


r 


POSITION  ou  problem:  et  solution 


3. 


Compte  tenu  des  hypctneses  effectives,  l'etat  initial  du  systeme  est  dCfini  par  : 

r°  ,  i  ,K 

Cet  etat  initial  etart  dpfini,  on  se  propose  o' atteindre  la  cible  en  minimi sant  le  critere 

r'i 

J  =  t  j  +  Is  j  a h  .  d  Z 

•'O 

en  s'imposant  unc  contra inte  sur  la  distance  mssi  ie-cible  finale  : 

r(t,  }  =  r{  =  f 

Cette  distar.  uvent  etre  choisie  aussi  petite  qu'on  le  desire,  on  s' impose  done  d  atteindre  la 

Cible. 

On  pent  .loter  due  la  minimisation  du  temps  ee  vo1  est  part i cul i ererer t  impertante  pour  la  survie 
du  tireor  alcrs  que  la  distance  de  passage  r'mtlue  praticcement  pas  sur  la  trajectoire  du  missile 
lorsciu'i!  est  tire  avec  un  fort  depoir.tuge  initial  et  a  one  distance  raisonnable  de  la  cable  :  11  r.ous 
semb'e  done  particulierement  judicieux  d  imposer  la  distance  de  passage  tout  en  minimisant  le  temps  de 
vol . 

Le  prcbleme  pose  est  c  I  ass  i  cue  :  la  ccnar.de  s'obtiert  er,  resolva't  les  equations  ne  Pontriaguine . 
Cette  resolution  a  ele  mo  nee  a  bier,  dans  le  ..as  ou  la  vitesse  du  n.issi  le  est  constante. 

Cette  conmande  optimale  satisfait  I'equation  : 


n 

rns2(  1  .nsJ| 

[7«-M 

1 

J 

V  ir, 

'  *. 

\  -i  "  ! 

On  pent  remarquer  que  cette  ccronande  s’exprime  en  fonction  de  l'6tat  final,  ce  qui  pose  le  probieme 
particu! icrcmerl  delicat  d'exprimer  l'etat  final  en  fcncticn  de  l'etat  initial. 


d.  MEAN  I  SAT  i  ON  OL  LA  Lil 

4  . 1  Pop  tion  du  problem.,, 

Afin  d'utilise:  la  ’ oi  dt  guidage  prdcedenrier.t  defirir,  ll  corvient  de  calculer  l'etat  .  a  en 
function  de  l’etat  initial. 

la  derobade  de  la  cib.e  etant  di  f  f  ici 'eroent  ii.esu.anle  a  bprd  d'un  missile,  nous  avons  suppos,  ,  que 
It,  liIjIl  veiait  en  l.gm  dreite  a  V'.leSSe  constante. 

isms  it  l<js  ,  les  directions  finales  de  la  drjite  missile  but  i  }  et  de  la  vitesse  du  missile  i 
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CCii^uindc. 

1 1.  |.*  .i  t  ic  iii.cc*4- i  te  un  a  Iqur*.  tn:*r  vacz  cc’i'p lexe  ,  et  ce  d’ajtant  plus  ,  yut*  lfc  systerrit 

*■•  i'(.  .r*' i  *  r<«- 1 1 1- i  j.f-iii  avoir  fii  u«.  leurs  solutions. 
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Une  fols  1 'ensemble  des  solutions  localise,  la  convergence  vers  chacune  ues  solutions  s'obtient 
giSce  S  un  classique  algorithme  de  Newton. 

On  calcule  alors  le  crit&re  J  pour  chacune  des  solutions  par  la  formule  : 

La  comparaison  des  differences  valeurs  obtenues  pour  le  critfere  permet  alors  de  s£lectionner  1'etat 
final  correspondant  3  la  comnande  optimale. 


4.3  Guidage  en  boucle  fertnee 

Dans  le  cas  ou  des  perturbati jns  non  prises  en  compte  dans  la  loi  de  guidage  interviennent  {satura 
tion  de  la  comnande,  derobade  de  la  cible  ...),  les  conditions  finales  correspondant  a  la  comnande 
optimale  changent  :  il  f ait  done  ealculer  1'etat  final  au  cours  du  vol  3  intervalles  rSguliers. 

Dans  ce  but,  on  utilise  1 'algorithme  de  Newton  en  resolvant  le  systeme  ayant  pour  conditions 
initiates  les  conditions  de  r instant  ccurant  el  en  utilisant  com, me  solution  apprethee,  celle  obtenue 
au  pas  precedent. 


i 


I 

I 

i 

:  i 
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5.  S1MLLAT ION 
3.1  Introduction 

Afin  de  comparer  la  loi  de  guidage  precedemment  def'nie  aux  lois  de  navigation  classiques,  ur, 
modele  ciner.atique  plan  a  ete  programme  sur  calculateur  nunVrigue. 

Les  lois  de  guidage  utilisees  pour  la  comparaison  sont  : 

.  i_a  navigation  proportionrel  le  "pjre"  (P.P.N.)  : 

o-n  -  A  V 

.  La  navigation  proportioned  1c-  "vraie"  (l.P.N.'  : 

a-*  n 

Les  comnarai  sons  ont  etc  effectives  sur  des  cas  ue  tir 
ar  ti-paral  leies  :  'J,  „  180’  el  „0 

aver  vitesse  cihle  :  V,  400m.' 

1  /  5 

et  uno  vitesse  missile  :VH,$oom /s 

Par  aillcurs,  afin  de  tester  la  loi  de  guidage  cntimale  face  a  des  perturbations  non  prises  en 
coir.pte  au  niveau  de  la  definition  de  la  loi,  les  phenorenes  suivants  on  ete  introduits  dans  le  modeie  : 

.  Saturation  de  la  conwance 
.  Derobade  do  la  ci>  ■ 


.2  Resultats  do  simulation 

!>.«  .  1  tomparaisor.  dr  is  loi  Le  s-jioagp  optimale  ovfcc  des  loi*  classiquoc  {P.P.N.  et  T.P.li.i 

bypposoer  une  ci1  1  non  ■i..i!i/:ni,vrar.le  et  un  ton, PS  de  reponse  nu'  pour  lp  missile,  en  d^montre  que  a 
navigation  proportionin' 1  ie,  a  vet  un  coefficient  reduit  de  3,  est  optimale  ou  noint  d-j  vue  minimi  sat  io» 
la  distance  de  passage  et  ri<-  1  enen; if  dt-pensee  lorsgu'cn  a  mule  le  coefficient  de  ponderatior.  affec* 
I'encrgie  depensor 

Cf  ttr  dm w.-. trai  ,on  suppos.r-t  g.m  le  missile  so; t  tire  au  voisirage  dc  la  ■pllision,  H  reus  a 
sird'le  Intel  <;s' ml  de  •.cin,(,f,  ter  n.itrc  Iqi  de  guidage  optimale  .1  la  navigation  proper  t  i  onr.f  1 1  (•  v  lie  (1,1*  N  .  i 
pr.ur  ur.  cas  de  fi  no  s '  e  1  is  l.ji.as  t  |as  trop  do  la  collision  n.oyenin'  (of  nlanche  n  1). 

four  un  coefficient  ill  pondtratiun  V  -  10"?  ,  lev  t.rajectoi  res  de  la  loi  de  guidage  optimale  (O.G.L.) 

et  de  la  navigation  proport  lc-mielle  sort  confutiducs  (cf  Blanche  n”  II. 

I  ,s  rr--i.iie.le .  sunt  par  a'Mi-.ir-.  tree  vnisines  icf  planrhc  n*  1:  de  nieme  que  >es  temps  de  vol  (8,09  s 

pour  I  '  i  ■ .  r,  j  .  .  ;,i|i  re  s  non*  la  l.l'.li.)  it  les  criterc-S  :  1  f* ,  '•  s  pour  Its  deux  lois). 
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Ce  resultat  montre,  du  moins  a  notre  avis,  la  qualite  de  la  loi  de  guidage  propos&e  et  nous  autorise 
a  poursuivre  son  etude. 

Lorsque  1'on  s'eloigne  un  peu  pli1-.  des  conditions  de  collision  (cf  planche  n°  2),  la  conriande  de  la 
lei  de  guidage  optimale  ,  obtenue  avec  un  coefficient  de  ponderatlon  k  =  10  4 ,  s'eloigne  de  celle  obtenue 
avec  une  loi  de  guidage  en  navigation  proportionnel  le  "vraie''  botee  d'un  coefficient  reduit  a  -  3  (cf 
planche  n‘  2). 

Par  centre,  en  utilisant  une  loi  de  gu’dage  en  navigation  Droportionnel le  "pure"  avec  un  coefficient 

A  =  4,  on  obtient  ur.e  trajectoire  et  une  commande  tres  vnisines  de  celles  de  la  loi  de  guidage  optimale. 

Lorsque  I 'angle  initial  entre  la  vitesse  du  missile  et  la  droite  missile  -  but  denasse  90'  (cf 
planche  r”  3}  la  loi  de  guidage  or,  navigation  proportionnel  le  "vraie"  est  (rise  en  defaut. 

Utilisant  toujours  un  critere  pondere  par  un  coefficient  k  =  10  ^  et  pour  le  cas  de  tir  presente 

sue  la  planche  n‘  4,  on  obtient  un  temps  de  vol  oe  30.8  s  et  un  critbre  de  61.1  s. 

Des  resultats  tres  voisins  en  ce  qui  concerne  i a  trajectoire,  la  commande  {cf  planche  n:  3),  le 
temps  de  vol  (31.6  si  et  le  critere  (61.1  ■„)  sor.t  obtenus  en  utilisant  une  loi  de  guidage  en  navigation 
proportionnel  le  "pure"  de  gain  A  ■=  2. 

in  utilisant  u'i  (..air.  A  =  6,  or.  obtient  une  trajectoire  teaucoup  p'us  tendue  i  tj  -  16.6  cl  dont  or, 
peut  so  demandc  si  el'e  correspond  a  une  trajectoire  ontimale. 

_  r. 

Utilisant  un  coefficient  dc  ponderat i on  ce  10  or.  obtient  en  effet  une  trajectoire  optimale  tres 
voisir.e  de  la  trajectoire  obtenue  avec  an  gain  A  =  6  (cf  planche  r.° 

L»-  fait,  Ia  t re ;pctci » c  opt  male  est  e**.;  acivo  :>.v-  lcs  ccurbes  oDter.ucs  pour  A  =  et  A  =  t-. 

Ii  semok1  done  Oien  i\w  la  lo'  do  guidage  cptiiaU'  soit  tres  voisine  o’ur.c  lei  dr  navigation  proper- 
tionnelie  pure  con*  on  saurait  adapter  le  gain  s  au  cas  de  tir  si  on  veut  gar  tier  1 ' e c ■  u i vo  1  ence  avec  une 
lei  optirr.isee  prur  jn  coefficient  de  porderation  k  constant. 


i- . .  ucisSiM  M  tr  la  ur.  no  r.  o-'t in.?.  I  r  a  per  lure -t  ions 

On  peut  se  poser  It-  iiroolrme  de  la  sensibilite  da  la  lei  de  guidage  optiwale  a  certaines  perturbations . 

Nous  avons  Cone  mtroouit  earn*  U*  i»  odri  c-  une  Sutuiot i or.  dc  la  cornnan *  Ann  m/s?  et  une  derchade  de 
la  c  ible  de  30  n*’s2 

Or,  peut  rappeU»r  A  ce  sjjct  que  la  loi  de  gmdage  a  ete  mecanisee  en  supposar-t  ur.e  citr  volant  en 
ligne  crcitc. 

C r.  constat^  encore  une  fois  svr  la  p’ancre  nc  A  c;ue  let  loii  oe  guidage  untimales  et  de  navigation 
Proportionnel lft  "pure"  sort  tres  voisires  et  qu'elles  reagissent  t jutes  les  deux  tres  bien  aitx  oerturbations 
ir.trcoui  les  ■ 


6.  CONCLUSION 

Car  rapport  aux  loi4,  de  cuidage  optimal**  class  iques,  celle  que  nous  proposons  i c i  est  done  originate 
A  plus  d'un  titr».-  : 

.  Cllr  nr  su:  post*  r-as  qi;r-  lr  :r.Kr.ile  vole  au  v-'isinage  oes  conditions  de  collision. 

.  '  U-  iau  intf-rveriir  dans  sot.  critere  c!' optimisation  le  temps  or  vol  do  missile  el  l'energie 

'•  pens;': 

.  la  distance  de  \  “.sage  est  irip:is**e  c c-fic  une  contra’nto  sur  les  conditions  finales. 

i.i*s  n.irticu  !an  «•  s  sciM'l  ml ,  >■  p»io*i,  n  u  1  i  rrcnier.t  interpssantc-  s  pour  le  guidage  des  missiles  ae 
■  •■Pat  r appro;  r-i  . 

A  po*;ti  ■  i,*. i  •  ,  r.ou-  over.:,  vrrifie  1‘in'^te'  tie  cetto  !pi  usji  donne  des  resultats  tres  voisins  de  la 
f;a  .  i  .i  *  i  Or  i  pr  •  i  i  t  i  »  !■  "«.  *  u»  '  1  “‘srpi’i-n  CS  r  au  vnisina';0  de  >  >..Oi‘.di  t  ior,>  dr  CCl'iv’On. 

!  -pi  •  ■.  *  i..  i  .  i  ; . ,  1  i  •  i  v  i  'i » *  i  m;-»  rt  !  O'-rin  1  !e  'vrair'  p”ut  etrt  rrstj  C‘i>  df-aut 

rt  !  '  i n *  ■  *  ■  t  l  a  If.  r-'vi'u  a  i  t  >.  I  a i i  r. . 

-=  i;  i  rs?  ;iia  1  lw  nrruscu  m*  !  li-.s  >*•  •  t  f  i  ■  i  I  r  i  m,  t  an  i  .e*-  j.m;  i  la  •' c^T.i.andP  s'eyprinc  c*n  f  unction  d° 
I'etdL  I  i v o  1  .  pi:  est  done  iondiit  a  «.'•<.  i  •)■«  *•  if-;-  i o i  simnlt-  so  rjppr.uehanl  de  la  loi  de  guidage  optinale 
etudiee  i c i - 
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2“ x«s  si™  ™sr“2 

fonction  des  conditions  de  tir. 

Une  exploitation  syst^tipue  de  la  nrtcanisation  cue  nous  avons  "He  au  point  devrait  pemettre 
d'atteindre  ce  resuHat. 

mai  s  pl^iSM^ser  *P>rm5£  t  — 


CLASSICAL  VERSUS  MODERN  HOMING  MISSILE  GUIDANCE 


F.  William  Nesline  and  Paul  Zarchan 
Raytheon  Company,  Missile  Systems  Division 
Bedford,  Massachusetts  0  1730 


ABSTRACT 

Modern  guidance  systems  are  generally  accepted  to  yield  better  performance  than  classical  propor¬ 
tional  navigation  systems.  However,  it  is  not  always  recognized  that  this  bettor  performance  carries 
with  it  certain  costs  in  improved  components  or  additional  instruments.  This  paper  compares ’a  modern 
guidance  system,  MGS,  to  a  classical  proportional  navigational,  PM,  homing  missile  guidance  system  in 
terms  of  performance,  robustness,  ar.d  case  of  implementation.  Quantitative  first  order  miss  distances 
are  compared  to  show  that  MGS  has  the  smallest  miss  if  component  tolerances  can  be  met,  but  as  com¬ 
ponent  tolerances  or  measurement  errors  degrade,  MGS  degrades  faster  than  PN  until,  at  relatively 
large  component  or  measurement  errors,  PN  has  less  miss  distance  than  MGS. 


INTRODUCTION 


During  the  i960'  9  modern  control  theory  was  used  in  theoretical  studies  of  closed  form  guidance 
laws  for  interceptor  missiles.  It  was  shown  that  PN  was  an  optimal  solution  to  the  linear  guidance  prob 
lem  in  the  sense  of  producing  zero  miss  distance  for  the  least  integral  square  control  effort  with  a  zero 
lag  guidance  system  in  the  absence  of  target  maneuver.  This  important  result  gave  credibility  to  the 
use  of  modern  control  theory  as  a  tool  that  many  analysts  have  used  t <.  derive  missile  puidar.ee  laws.lw* 
Although  much  has  been  written  concerning  the  mathematics  of  guidance,  little,  if  ar.y,  has  appeared  in 
the  open  literature  concerning  the  practical  implementation  of  a  modern  guidance  system,  MGS. 
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Proportional  navigation  has  beer,  in  use  for  ever  three  decades  or.  radar.  TV,  and  1R  homing  missile 
systems  because  of  its  effectiveness,  ** 1  Although  PN  was  apparently  known,  by  the  German  scientists 
at  Peenemunde,  no  application  using  PN  was  reported.  ^  It  was  first  studies  by  C.  Yuan  and  others 
during  World  Wai  LI  at  the  RCA  Laboratories  under  the  auspices  of  the  U.  S,  Navy1^1,  it  was  extensively 
studied  by  Bennett  and  Matthews  at  Hughes  Aircraft  and  implemented  in  a  pulse  radar  system'01,  and  it 
was  fully  developed  by  11.  Rosen  and  M.  Fussier  for  a  continuous  wave  radar  system  at  Raytheon  Com¬ 
pany.  The  latte  r  development  included  a  closing  velocity  multiplier  to  compensate  the  guidance  law 
dynamically  in  flight  for  changing  engagement  geometry.  After  World  War  11,  the  U.  S.  work  on  PN  was 
declassified  and  first  appeared  in  the  Journal  of  Applied  Physics.  1 

The  purpose  of  this  paper  is  to  compare  both  classical  and  modern  methods  of  guidance  in  terms  of 
performance  and  implementation.  Both  guidance  philosophies  are  reviewed  and  typical  implementations 
are  discussed.  Finally  both  methods  of  guidance  are  compared  in  terms  of  performance  and  sensitivity 
to  errors  in  implementation. 


Proportional  Navigation 

Proportional  navigation,  PN,  is  a.  method  of  guidance  in  which  the  missile  acceleration  is  made 
proportional  to  the  line  of  sight  rate.  The  geometry  of  an  idealized  intercept  in  which  the  missile  and 
target  are  closing  on  each  other  at  constant  speed  ic  shown  in  Figure  1.  Here  movement  of  the  missile 
and  target  cause  the  lino  of  sight  to  rotate  through  a  small  angle,  >,  indicating  a  differential  displace¬ 
ment,  y,  between  tarRet  and  missile  perpendicular  to  the  reference.  The  PN  guidance  law  is  an  attempt 
to  mechanize  an  acceleration  command,  nc,  pe  rpcndicula  r  to  the  line  of  sight  according  to 

r.  =  N  ’  V  >  ( P 

c  c 

where  N"  is  the  effective  navigation  ratio,  \’c  is  the  closing  velocity,  ar.d  \  is  the  line  of  sight  rate. 

The  effective  navigation  ratio  determines  both  the  trajectory  and  acceleration  history  of  the  missile. 
For  a  zero  lag  guidance  system,  PN  will  result  1:1  zero  miss  distance  [y(tF)=0  |  due  to  heading  error  or 
target  maneuver  fur  any  N*  (assuming  infinite  missile  acceleration  capability'!.  This  phenomenon  is 
clearly  demonstrated  for  the  head-on  case  in  the  normalized  trajectories  shown  in  Figure  Z,  Although 
relative  ta  rget -missile  dispia cement  during  the  flight  increases  with  decreasing  N!  ,  all  flights  result  in 
zero  miss  distance.  The  effective  navigation  ratio  influences  the  accelerations  needed  to  produce  zero 
miss  distance.  Normalized  missile  acceleration  histories  due  to  both  disturbances  are  shown  in  Figure  3. 
Here  missile  acceleration  is  ir.onotonically  decreasing  (except  for  N"  ~2)  for  a  heading  err«*r  disturbance 
and  iru  notonieally  increasing  for  a  target  maneuver  distrubance.  Figure  3  also  snows  that  increasing  N' 
riuninu/.i’S  tin-  maximum  uccep  ration  due  to  target  maneuver  hut  maximizes  the  maxim  err  aceolt  ration 
due  to  heading  **r>  *r.  In  practice  the  navigation  ratUi  ;«  held  lixrj  with  acceptable  values  ;  h:  N '  *  ^ ' 
a  etc  r  mined  by  noise,  radome  and  target  maneuver  considerations. 

Atypical  implementation  of  a  PN  guidance  system  is  shown  in.  Figure  4  where  an  inerlially  stabilized 
seeker  is  used  to  measure:  the  buresight  error,  r  .  This  signal,  which  is  proportional  to  the  line  of  sight 
rate,  is  low  pass  filtered  to  obtain  an  estimate  »»f  the  line  of  sight  rate.  The  time  constant,  T,\,  of  the 
noise  filter  car.  be  fixed,  as  in  this  implementation,  or  time  -va  ry  mg  tu  account  for  the  range  dependence 
of  the  measurement  noise.  The  closing  velocity  can  either  he  estimated,  as  it,  IK  applicative*,  or 
measured  by  a  dopplcr  radar,  as  in  radar  homing  applications.  Tin-  resulting  acceleration  command 
which  is  prop.-rturu  l  to  the  line  of  sight  rate  estimate  is  applied  to  an  ace  eh- rat  for.  autopilot  that  moves 
wing  ->r  tail  vontrol  surfaces  ho  as  to  develop  the  commanded  a  ec  cle  rat  n»n. 

Copyright  197'?  by  F.W.  Neslin«*  and  F.  /..lrrhar. 
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K  -  Lin*  of  Sight  Anglo 
VM  Missile  Velocity 
VT  1  Target  Velocity 
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This  guidance  law  is  compared  to  PN,  in  terms  of  trajectory  and  acceleration  histories,  for  the  cane  of 
a  maneuvering  target  with  the  results  displayed  in  Figure  5.  Although  both  guidance  laws  achieve  zero 
miss  distance,  the  trajectory  and  acceleration  histories  are  vastly  different.  The  information  concern¬ 
ing  target  maneuver  enables  APN  guidance  to  use  up  lees  acceleration  capability  than  PN  while  keeping 
it  closer  to  an  intercept  course.  In  addition  the  APN  acceleration  history  is  mor.otonically  decreasing 
unlike  the  monotonic  ally  increasing  history  of  PN.  It  can  be  shown  that  for  N‘  =  3  APN  is  optimal  in  toe 
sense  that  it  achieves  zero  miss  distance  utilizing  the  least  integral  square  control  effort  Lee  Appendix  C) 
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A  simple  form  of  a  Kalman  estimator  can  be  derived  by  considering  the  two  most  important  stochastic 
diatrubances  in  a  guidance  system,  random  target  maneuver  and  glint  noise.  The  resulting  Kalmar,  filter 
is  stationary  and  represented  by  transfer  function 


1  ♦  2s/u>  +  2s^/u>  ^ 

_ o _ o _ 

1  +  2s/w  ♦  2s 2/u  2  +  s5/oj  3 
o  o  o 


(7) 


with  characteristic  frequency,  w  0»  given  by 

_  ,  .  . .  .1/6 

“o  -  (  W 


(8) 


where  <X>S  and  are  estimates  of  the  spectral  density  levels  of  the  target  maneuver  process  noise  and 
glint  measurement  noise  respectively  (See  Appendices  A  and  B  for  derivations  via  Wiener  and  Kalman 
filter  formulations),  ihufl  the  characteristic  frequency  of  the  filter  increases  with  increasing  process 
noise  ar.d  decreases  with  increasing  measurement  r.oise. 

A  typical  implementation  of  a  modern  guidance  system  appears  in  Figure  6.  Here  the  line  of  sight 
angle  is  reconstructed  from  a  seeker  measurement  of  the  boreslght  error  and  by  integrating  the  rate 
gyro  measurement  of  the  seeker  dish  rate.  This  angle  is  then  converted  to  relative  ta  rget --missile 
position,  y*,  by  the  multiplication  of  the  range  measurement.  The  signal  is  then  sent  through  the  Kalman 
filter  in  order  to  obtain  estimates  of  the  necessary  states  for  the  implementation  of  the  modern  guidance 
law.  These  states  are  multiplied  by  control  gains,  which  are  functions  of  the  estimated  time  to  go  and 
autopilot  bandwidth,  in  order  to  generate  an  acceleration  command.  This  command  is  applied  to  an 
acceleration  autopilot  in  order  to  develop  the  commanded  acceleration. 


Figure  h  -  Med  err.  Guidance  System  -  MGS 

In  summary  the  implementation  of  MGS  requires  Rome  additional  information  wnich  is  not  required 
by  a  classical  PN  guidance  sv.'tom.  Fstirnates  of  range,  measurement  and  process  noise  statistics  are 
needed  for  tne  implementation  of  t h «  Kalman  filter  while  estimates  of  time -to -go,  guidance  system  band¬ 
width  and  missile  acceleration  are  needed  for  the  implementation  of  the  guidance  law, 

1  c  r  formant,  e  Cum  pa  r  is  on 

Both  classical  nnd  mo'iern  guidance  methods  are  new  compared  in  verms  of  performance  as  measured 
by  the  rrr-s  nw.an  square)  miss  dislar.ee.  The  comparison  is  made  utilizing  the  linearized,  but  real¬ 

istic  model  of  the  kinematic  homing  loop  sr.own  in  Figure  7.  Here  autopilot  dynamics  are  represented  by 
a  first  order  transfer  function  and  only  the  two  most  important  stochastic  error  sources  aie  considered, 
namely  glint  noise  and  random  target  maneuver,  The  seeker,  noise  filter  and  guidance  dynamics  have 
been  previously  presented  in  Figures  4  and  f>.  In  this  case  the  Kalman  filter  of  MGS  is  optimal  since  it 
is  perfectly  matched  tn  the  real  world'1  m  that  it  has  an  exact  dynamical  model  of  the  system  along  with 
perfect  knowledge  of  the  measurement  and  process  noise  statistics.  With  this  methodology  any  deteriora¬ 
tion  in  MGS  performance  will  be  caused  solely  by  the  guidance  law. 
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Figure  7  -  Kinematic  Horning  Loop 


mbeddtd  tn  the  MGS  guidance  law  is  a  dynamical  model  of  the  actual  system.  If  this  model  is 


urate  or  if  the  t^..  estimate  is  lacking  ».»r  inaccurate,  MGS  pe  r f t ;  rmance  dtgi'ad 
to  go,  ^g0.  is  considered  to  be  a  simple  function  of  tg0  as  shown  in  Kq.  (9), 


If  the  i  st  imale d 


t  =  At  +  D  ,Q, 

the  influence  of  bias  errors,  R,  and  scale  factor  errors,  A,  on  MGS  system  prrforniancc  can  be 
ti gated.  Typical  mis?  distance  results,  shown  in  Figure  8,  indicate  that  errors  in  ^g,  renult  in 
performance  degradation  of  MGS.  In  fact,  negative  bias  errors  lead  to  guidance  system  mslabili- 
if  MGS.  PiM  performance,  supe  rimpos  ed  on  Figure  8  is  not  sensitive  to  those  errors.  For  this 
pic  PN  achieves  a  miss  of  4.  3  ft.  Therefore  if  the  required  miss  distance  was  less  than  4.  3  ft, 

MGS  could  meet  that  specification  and  then  oniy  if  bias  errors  could  be  Kent  below*  0.  ^  s  and  scale 
r  errors  were  between  0.  68  and  1.  35.  If  the  required  miss  were  greater  than  4.  3  ft,  PN  could  meet 
pecificatioti,  but  MGS  could  only  meet  Inc  spec  if  ic at i m.  if  bias  and  scale  factor  errors  could  be  kept 

•  the  values  of  the  curves  in  Figure  8.  Of  course,  PN'  does  not  use  these  quantities  at  all  and  the  re  - 
is  r.ot  sensitive  to  such  errors.  In  summary,  the  imolementation  of  MGS  places  requirements  not 
the  algorithm  for  calculating  t  .  but  also  on  the  special  filtering  needed  to  estimate  range  and 

•  rate.  p 
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Modern  Guidance  System,  unlike  Propo rtiunal  Navigation,  attempts  to  compensate  for  autopilot 
dynamics  by  the  use  of  a  dynamic  lead  term  in  the  missile  acceleration  command.  In  order  to  implement 
this  concept,  MGS  requires  an  accurate  measurement  of  the  achieved  missile  acceleration  and  an  esti¬ 
mate  of  the  autopilot  bandwidth,  W^p.  If  this  measurement  is  perfect  and  if  the  dynamic  model  within 
MGS  is  perfectly  matched  to  trie  "real  world'  ,  optimum  performance  can  be  obtained.  However,  if  for 
example,  we  assume  that  missile  acceleration  is  measured  perfectly,  but  the  estimate  of  autopilot  band¬ 
width  is  in  error  according  to  Eq.  (101 

WAP  =  CWAP  (101 

then  the  influence  of  scale  factor  errors,  C,  on  MGS  system  performance  can  be  investigated.  Figure  9 
shows  that  system  instabilities  result  if  the  scale  factor  falls  below  0,  6.  As  before,  PN  performance  is 
not  sensitive  to  this  error  source.  In  this  example,  for  miss  distances  below  4.  3  ft,  only  MGS  can.  meet 
the  requirements  if  the  scale  factor  is  greater  than  0.  6.  If  the  required  miss  distance  is  greater  than 
4.  3  ft,  PN  can  always  moot  the  requirement,  but  MGS  can  only  meet  the  specification  if  the  scale  factor 
is  greater  than  0.6.  In  summary,  the  implementation  of  MGS  places  requirements  or.  allowable  errors 
in  dynamic  modeling. 


V'V 


Errors  in  Estimating  System  Dynamics  Cm  Lead  to  MGS  Instability 


The  nonhemisphe  rical  shape  of  the  missile  radome  uusf'fl  distortion  of  the  incoming  radar  beam. 

As  the  radar  beam  pa  sees  through  the  radome  a  refraction  effect  takes  place  and  the  net  result  is  an 
error  in  the  angle  of  the  apparent  target.  The  radome  error  slope,  R,  is  a  measure  of  the  distortion 
taking  place  and  is  a  function  of  the  gimbal  angle,  among  other  things.  The  guidance  system  designer 
attempts  to  specify  the  manufacturing  tolerances  and  the  limits  on  the  permissible  v.  riations  of  R.  This 
error  source  is  pan  ularlv  important  at  high  altitudes  where  the  missile  turning  rate  time  constant,  Tt>  , 
is  large.  This  tinx  i.nstar.t  in  conjunction  with  large  radome  refraction  slopes  can  cause  guidance  sys¬ 
tem  instability.  It  in,  therefore,  of  considerable  practical  importance  to  see  how  PN  and  MGS  perform¬ 
ance  degrade  in  the  presence  of  radome  slope  errors.  Typical  high  altitude  performance  results  for 
both  guidance  systems  are  shown  in  Figure  10.  The  results  indicate  that  the  Pin1  guidance  system  has 
m  re  of  a  tolerance  to  radome  errors  than  does  MGS,  In  tins  regard  PN  is  mure  robust. 

Figur*  1 1)  indicates  that  the  MGS  implementation  is  more  sensitive  to  negative  radome  slopes  than 
positive  slopes.  In  a  practical  design,  the  srt*k'T  stabilisation  loop  gain  could  be  adjusted  to  bias  the 
ra-Jome.  thus  insuring  only  positive  slopes.  It  is  for  this  reason  that  the  allowable  radome  slope 
is  more  i  f  >i n  important  measure  than  the  average  radome  slope,  in  fact,  the  allowable  radome  slope 
range  is  one  important  measure  used  in  guidance  »y stern  design  to  specify  manufacturing  tolerances  on 
the  radome.  The  average  ruin  hush  distance  due  to  a  radome  slope  range  can  be  calculated  from  the 
info  rotation  provided  in  Figure  in.  Typical  results  showing  the  sensitivity'  of  both  guidance  systems  to 
radome  slope  range  ih  displayed  m  Figure  I  1.  This  figure  shows  that  when  the  radome  is  taken  into 
c< >n s id *•  ration ,  MGS  can  only  offer  superior  miss*  distance  performance  if  the  allowable  radome  slope 
range-  is  less  than  n.  07 h.  Otherwise  PN  yields  smaller  average  rms  miss  distances.  Nevertheless,  if 
;»  radome  *»l*-pe  range  K-ss  than  O.OTh  can  be  met,  MGS  yields  lean  miss  distance. 

Finally,  missile  acceleration  saturation,  one  of  the  most  important  guidance  system  mn  lima  cities 
in  the  i>e  r  f*.  rma  m r  comparison,  is  c .  >n  s  id  e  red.  Since  MGS  predicts  intercept  using  estimates  of  target 
acceleration  and  measurements  of  missile  acceleration,  it  requires  less  acceleration  than  PN'  to  hit  a 
man*  uvormg  target.  In  Figure  \i,  where  rma  miss  is  plotted  versus  the  mis  s  i  le -to -t  a  i  g  et  acceleration 
ratio  for  both,  guidance  system  implementations,  it  is  evident  that  PN  requires  a  larger  acceleration 
advantage  over  trie  target  than  MOf>  to  achieve  a  ..p  *  ifU  miss  distance.  For  example,  to  achieve  an 
RMS  mir.K  of  less  than  7  ft,  PN  requires  a  *>  to  1  acceleration  advantage  over  the  target  whereas  MGS 
requires  only  a  l .  I  to  1  advantage.  Tins  reduced  acceleration  requirements  extends  the  missile'  s  r.a nc 
of  effectiveness  against  maneuvering  targets  and  is  the*  major  advantage  of  MGS  over  PN. 


SUMMARY 
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A  modern  guidance  system  and  a  proportional  navigation  guidance  system  designed  to  meet  the  same 
miss  distance  specification  yield  different  implementation  of  subsystems,  and  each  subsystem  must  meet 
a  different  set  of  requirements.  A  modern  guidance  system  imposes  more  severe  requirements  on 
radome  refraction  slope  and  on  knowledge  of  the  system  dynamics,  but  it  does  not  require  as  much  maxi¬ 
mum  missile  normal  acceleration  tc  intercept  an  accelerating  target.  If  the  mi9S  distance  specification 
is  extremely  small,  only  MGS  can  do  the  job.  Thus  the  additional  instrumentation  and  subsystem  require¬ 
ments  is  the  price  that  must  be  paid  to  meet  severe  miss  distance  requirements.  If  the  miss  distance 
specification  is  such  that  both  MGS  and  PN  can  do  the  jcb,  then  instrumentation  specifications  can  bo 
relaxed  in  favor  of  more  missile  normal  acceleration  capability.  When  sufficient  missile  acceleration 
is  available,  PN  offers  the  least  stringent  instrumentation  requirements.  Thus,  if  component  tolerances 
can  be  met,  MGS  has  the  smallest  miss  distance,  but  as  component  tolerances  or  measurement  errors 
degrade,  the  performance  of  MGS  degrades  faster  than  that  of  PN  until  at  relatively  large  component  or 
mo.isu remont  errors,  PN  has  less  miss  distance  than  MGS. 
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APPENDIX  A 

WIEN  EH  OPTIMAL  FILTER 

The  disturbances  entering  the  guidance  system  arc  considered  to  be  white  glint  noise  with  spectral 
density  <t> js;  and  random  target  maneuver.  In  this  paper  the  maneuver  is  considered  to  be  a  step  function 
whoso  initiation  time  is  uniformly  distributed  over  the  flight  time.  It  can  be  shown^^-  that  integrated 
white  noise  has  the  same  autocorrelation  function  as  this  maneuver  process.  The  optimal  filter  with 
transfer  function,  H0,  can  be  derived  by  either  Wiener  or  Kalman  filter  theory. 

The  Wiener  filter  formulation  is  based  upon  the  diagram  of  I'igure  A-l.  The  problem  is  to  find  H0 

> 

_5°  ** 

which  will  minimize  the  integral  of  the  mean  square  error  signal  minimize  J  e  dt  . 


Us  White  Noise  with  Power  Spectral  Density  <ps 

Un  -  White  Noise  with  Power  Spectral  Density 

Yt  Actual  Target  Position 
Yt*  *  Measured  Target  Position 
Yt  =  Estimated  Target  Position 

e  =  Efior  in  Estimate 


4 


:m: 
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KALNiAN  OPTIMAI.  FILTER 


TFit-  game  transfer  function  can  also  be  obtained  by  the  Kalman  formulation.  The  state  and  measure 
merit  equations  can  be  derived  from  the  plant,  shown  in  Figure  B-l,  and  are 


Us  White  Noise  with  Power  Spectral  Density  <^s 

Un  White  Noise  with  Power  Spectral  Density 

Yt  Target  Acceleration 

Yt  Target  Rate 

Y,  Target  Position 

Y.'  Measured  Target  Position 

Figure  il-1  -  Kalmar.  1  liter  Formulation 


z  =  H  •  X  ♦  V 


l'hf  Kalman  : i  it r  equation  is 

X  =  F  •  X  ♦  K  [Z  -  H  X  ] 

whrrr  thi-  Kalman  yajn.s,  K,  art*  'I  <-t  or  mint'd  fr-'im  tiu*  foil;  matrix  Riccdti  rquations 

p  =  FP  +  PFT-P  ht  i  "*  h  p<Q 


(11-1 


(B-: 


(fl¬ 


ip- 


whe  r  c 


r  i 

k  1 


Q  -  0  0  0  and  R  =  <J>N 

0  *5 


Hece-gni.*.ing  that  the  covariance  matrix.,  _P.  is  symmet r ic ,  the  scalar  equations  representing  the  steady 
state  solution  tP  =  01  can  be  written  from  {13-4}  as 

■> 

P  “  =  2  P  <b 
11  \Z  N 

F11  ?12  =  <t>N(P22  +  P1J) 

PU  P13  =  P23  *N 
P  1 2  P13  =  P33  *N 

After  some  algebra,  tne  solutions  to  Eq.  {P-7)  can  be  substituted  into  Eq.  iB-5)  yielding  the  steady  state 
Kalman  gains 

'Kilf2(VV,/6' 

K  =  K  =2(*  <  4>  )  1 1 3 

.  ^  4V^s-<Pn/  (E-8! 

K  '  4>  / 4>  l1'2 

L  3  S  N 


He  fining 


-  { 't'  /  <t>  3 

k  o  %4S  VN' 


the  gam  matrix  becomes 


The  filter  equations  are  obtained  by  yub  titutmp  Eq.  (13-10)  : *it l»  Eq.  lB-31  yielding 


y-  «  1  '■» 


,i  L  1 


y-r  -  u  0  1  yT  *  2u  •  |y_-y_] 

1  I  1  °  11  ( B  - 1  I ) 

''I  Ci  3 

_vtJ  L  0  _VtJ  Lw'°  . 

The  transfer  function  bt  tween  the  position  estimate  output  and  the  position  measurement  input  can  easily 
h»“  obtciir.e'1  fr«»n:  Eq,  f  13  -  1  !  }  as 


v  l  +  2S/w+2S  -w  2 

_ T  _  _ o _ o  _ 

l  2S lui  *  2S2/w  2  +  S3/w03 

’  T  n 


Thic  is  identical  t  •  the  trn;.sfer  i  unction  obtained  by  the  \Y  or  filter  approach. 
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APPENDIX  C 

MATRIX  APPROACH  TO  MODERN  GUIDANCE 


Optimal  guidance  laws  are  gene  rally  d«*  rived  on  the  basis  of  modern  control  theory.  The  linear 
modeL  of  Figure  C  l,  in  which  missile  dynamics  are  represented  by  a  single  lag,  is  used  for  the  applica¬ 
tion  of  modern  control  theory  to  the  guidance  problem.  In  this  case  we  are  interested  in  deriving  a 
guidance  law  which  will  achieve  zero  miss  distance  while  minimizing  the  integral  of  the  square  of  the 


guidance  commands  j  minimi/.ej*  n  “  dt  subject  to  y{tp)=0]. 


o 


- - - 


nc  *  Commanded  Missile  Acceleration 
n>  -  Achieved  Missile  Acceleration 
Yt  *  Target  Acceleration 

Y  =  Relative  Target  -  Missile  Rate 

Y  =  Relative  Target  -  Missile  Separation 

Figure  C-l  -  Gu  Problem  F»  •  r  mu  lat  lo:, 

The  solution  to  imnitni/mg  I'm-  e.u.tdrulic  perfermanco  i.kIox 


o 


subject  to  t:-,'-  linear  difforenti.il  equation 

x  -  K  +  G 

with,  /.or.;  miss  distance  !y*tjG-0  :  is  well  know:/ *  ‘  ar.d  ?  give:,  bv 

T  T 
G  R  R  x 


-j  (RTCC?RJdt 

“'•'‘’re  H  is  obtained  from  the  differential  equation 
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Tht.*  ablution  to  Eq.  ?C~*4;  is 


1  -T 

~  (e  ♦  T  -1) 


where  »•  the  no rina lizcd  time  1 1>  go  until  intercept  given  by 

T  -  u>(  t_ - 1)  =  tot 

F  go 

The  integral  appearing  in  FCq.  iC  -  3 )  the  reft:  re  becomes 

•f  (R‘GGTR)dt  =  -  l  \  -  \  e'2T-2Te'  T  -T2  +  T*^TJ] 

t  ^ 

Substituting  Kq.  into  Hq,  10-3  •  yields  the  optimal  closed  loop  guidance  law 


>• +  y’uo  *  1  yT  ‘«o2  -  \L  {o't«t-di 


6T2(e'T- 1+T } 


2T  J^3+6T  -6T‘:  -  12Ie'T- 3e’2  1 


If  missile  guidance  dynamics  are  neglected  (w*-o=),  application  w»f  L1  iiopitals  Kucl  reduces  the 

guidance  law  to 

lim  n  =  |y  +  yt  t  i  'y  .  2) 

co-».oc  c  f  2  go  2  7  l  CO 


Tins  guidance  law  is  augmented  proportie.ua  1  navigation  with  an  effective*  navigation  ratio  of  throe. 
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SCALAR  APP R OAC H  TU  MCDKRN  GRIHANCK 

Tin*  bcnwa rt^.  Inequality  can  also  Sc  used  in  tin*  derivation  of  optimal  guidance  laws.  For  the  same 
problem  considered  in  Appendix  C,  we  tar.  express  the  system  state  vector  of  Kq.  (C-d)  at  the  terminal 
time  according  to  the  matrix  supe  rpos.t: an  Integra! 

U 

x  Up)  =  *(tp-t)x  (t)  *  J  C  0>UF-\)G(X)nc(X)dX  (D.n 

wii.-re  4  the  Uindainentu  1  matrix.  lq.  ill  -  1  1  actually  represents  a  sot  tt  scalar  equations  for  eaen  o{ 
the  H i ! ! •  * r e i * t  slates.  For  the  guidance  problem,  the  first  state  is  the  'biect  •*!  our  centr'd  and  can  be 


yUF)  =  fl(tp-t) 


h.  (t_-  X)n  (  X)dX 
1  F  c 


mi.-s  iist.i'.H11  !'"t j .  !'-.*!  v'.i::  he  rew  ritt e  •  a: 


ljUp-t)  =  y  Fh1(tF-X)nc(X)dX 


Uplic.ilion  .  fine  Siiiwart/.  Inequality  yields 


fpyt)  </F  hj{tF-X)d  xj  nc2(X)dX 


V  ’ 

f  ?  'l  (tF 

J  n  *'(  X)dX  >  - - - - 

,  c  /.U  i 


(*F-X  IdX 


Thr-i::ti-(*  ral  ./  the  of  •  *•.  >•  ,u  c.  Ic  ratios:  c»ii  bo  iv.i:v.ir.i/''H  by  insuring  that  l  he  c-juality  sign  of 

Kq.  (i)->>  holds.  A.-o.i-dinp  to  the  Schwartz  Inequality,  this  occurs  when 

nL.f).!  =  khjd.-M  ,o-i 

S.ibstituti.,:.  of  lei.  iO-tt  ir.t;  !.q.  lO-Ji  yields 

f j(tF-t) 

k  =  — - 

sly  i  fo>' 

j  r  h  j  (tp-X)  d  X 

;  honl-.-ro  til.'  sc  c  <■  lr  ration  is  pivi-::  by 


■  j  My*1 

n  U)  -  — — - - - - -  h.(t_-t) 

c  t_  ,  1  r 

f  h,  itF-  X)dX 


lu  order  to  demonstrate  the  power  of  Kq.  in  solving  tor  optimal  guidance  laws  tr.e  example  of 

Appendix  C  is  reconsidered.  Tin*  fundamental  matrix  can  be  found  from  Kq.  ?C-M  t  o  be 


1  t  t^/c.  -I  /u  ♦  1  /  L(  1  -  f 


4>(t)  =  o  1 


0  0  l 


-l/w(l  -  e"ut) 
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OPTIMAL  CONTROL  AND  ESTIMATION  FOR  TERMINAL 
GUIDANCE  OF  TACTICAL  MISSILES 

Tom  L.  Riggs,  Jr.,  lLt,  USAF 

Air  Force  Armament  Laboratory 
United  States  Air  Force 
F.glin  Air  Force  Base,  Florida 

SUMMARY  io  help  meet  the  demanding  requirements  of  the  modern  air-to- 

air  engagement,  the  U.S.  Air  Force  is  conducting  basic  research 
to  develop  advanced  guidance  laws  and  estimation  techniques 
for  application  in  future  tactical  weapons.  This  research  has 
developed  numerous  candidate  "high  performance  guidance  and 
estimation  techniques.  In  addition  to  providing  an  overview 
of  the  program,  this  paper  will  present  an  example  of  the  most 
simplistic  guidance  technique  developed  and  compare  its  per¬ 
formance  to  proportional  navigation. 


INTRODUCTION 

The  modern  air-to-air  missile  engagement  is  the  most  demanding  tactical  weapon 
scenario  from  the  viewpoint  of  the  terminal  guidance  law.  This  is  due  to  a  number  of 
factors  including  short  engagement  times  (nominally,  2-S  seconds)  and  rapid,  drastic 
changes  in  the  kinematics  of  the  scenario.  Further,  trends  in  operational  requirements 
indicate  that  future  air-to-air  missiles  will  have  to  have  a  high  probability  of  kill 
under  total  sphere  launch  engagement  conditions  and  a  launch  and  leave  capability  when 
employed  against  a  wide  variety  of  highly  maneuverable,  intelligent  targets.  Present 
day  air-to-air  missiles  employ  proportional  navigation  (pro-nav)  guidance  laws  in  the 
terminal  mode.  In  fact,  this  class  of  missiles  has  employed  variations  of  pro-nav  for 
more  than  twenty-five  years.  There  arc  several  reasons  for  pro-nav' s  tenure.  First, 
pro-nav  is  very  effective  in  guiding  missiles  that  are  launched  under  restricted 
conditions  and  are  intercepting  low  maneuverability  type  aircraft.  Second,  pro-nav  is 
relatively  easy  to  implement  on-board  the  missile  using  off-the-shelf  hardware.  Third, 
until  recently,  it  was  not  feasible  to  incorporate  the  on  board  computers  that  would  be 
required  tc  implement  more  complex  guidance  laws.  However,  proportional  navigation's 
effectiveness  in  modern  air-to-air  engagements  is  limited  and  cannot  meet  the  demanding 
operational  requirements  of  the  future.  In  order  to  satisfy  these  requirements,  future 
air-to-air  missiles  will  require  more  sophisticated  guidance  algorithms.  Additionally, 
in  order  to  implement  these  guidance  algorithms,  more  information  about  the  missile  and 
target  dynamic  states  will  have  to  be  accurately  measured  or  estimated  on-board  the 
missile,  i  lie  very  nature  of  this  problem  lends  itself  to  the  use  of  optimal  Control  and 
Estimation  Theory  to  develop  the  required  advanced  guidance  and  estimation  algorithms. 

In  October  l‘J'(>,  the  Air  Force  Ainuiment  Laboratory  initiated  a  basic  research 
program  to  investigate  and  extend  those  modern  control  and  estimation  techniques  that 
have  potential  application  for  improving  the  state-of-the-art  in  missile  guidance  for 
air-to-air  missiles.  Specific  emphasis  was  placed  on  the  short  range  mission  (launch 
ranges  less  than  five  miles)  because  this  is  the  most  demanding  phase  in  missile 
guidance  and  it  is  a  common  mission  phase  to  jll  air-to-air  missiles.  The  research 
topics  that  this  program  is  investigating  can  be  classified  into  three  main  areas,  (1) 
Guidance  ar.J  Control  Theory,  (2)  Estimation  Theory,  and  (3)  the  combination  of  (1)  and 
(2).  ihe  first  urea  is  directed  jt  the  derivation  of  advanced  guidance  and  control 
laws  using  u  broad  spectrum  of  modern  control  theories.  The  second  area  will  inves¬ 
tigate  and  develop  modern  nonlinear  estimation  techniques  that  can  be  used  to  filter 
the  available  sensor  information  and  use  that  information  to  estimate  the  s t a t e/param- 
cicrs  needed  by  the  guidance  laws.  Ihe  tliirj  a-ca  addresses  the  interdependence 
between  the  control  and  estimation  problem  and  will  develop  the  theory  and  methodology 
to  be  used  to  solve  the  combined  problem. 

PROBLEM  FORMULATION 

ihe  optimal  guidance  formulation  is  a  complex  process  involving  many  engi¬ 
neering  uecisions  which  ultimately  impact  complexity,  validity,  and  technical 

quality  (performance)  of  the  resulting  guidance  algorithm.  The  key  ingredients  of  the 
optimal  guidance  formulation  are  the  performance  index,  system/state  constraints, 
missile  math  muilei  ,  the  methodology  or  theory  useJ  to  solve  the  problem  and  the  esti¬ 
mation  requirements.  these  ingredients  are  3 1 1  interrelated,  making  the  selection  or 
construction  of  each  ingredient  difficult  because  of  the  possible  ramifications  on  the 
othei  ingredients.  Figure  1  summarizes  these  ingredients  and  depicts  their  interrela- 
tieiisblps.  Before  dwelling  cn  the  interrelationships  cf  these  ingredients  it  will  he 
useful  to  describe  the  function  ul  each  of  these  ingredients. 

Ihe  per  For  nrnice  index  is  a  ii.a  t  hema  t  i  c  a  1  equation  or  set  of  equations  that  explicitly 
’■fine  the  parameters  or  states  to  he  minimized.  Thus  the  performance  index  provides 
a  measure  of  optimality  or  cost.  iHccausc  of  this  the  performance  index  is  often 
called  the  cost  functional  and  in  this  paper  the  two  terms  will  he  used  interchange¬ 
able.)  Since  often  the  minimization  of  the  J-siiod  parameters  lead  to  conflicting 
strategics  ;i.c.,  minimum  fuel,  minimum  time)  weighting  terms  arc  employed  in  the 
cost  functional  to  define  the  degree  of  m  i  n  ini' zat  ion  for  each  parameter.  'Ihus  in 
const i uc t i Mg  the  cost  functional  not  only  rust  the  parameters  to  he  minimized  he 
defined  hut  the  re  I  a t i  e  degree  of  minimization  must  also  he  defined.  Ideally,  the 


:.v: 

determination  of  the  parameters  to  he  minimized  is  a  direct  result  of  the  mission 
requirements;  howci or ,  in  certain  cases  a  literal  translation  of  mission  requirements 
to  the  performance  index  leads  to  unrealizable  or  non-unique  guidance  strategics.  In 
this  situation  the  design  engineer  must  add  additional  terms  (secondary  mission  require¬ 
ments)  to  the  cost  functional.  Caro  must  he  taken  in  selecting  and  weighting  the 
additional  performance  criteria  such  that  the  primary  criteria  are  not  significantly 
dccmplta  s  i  zed .  Often  the  additional  parameters  are  selected  to  implicitly  enforce 
system  constraints  such  as  maximum  acceleration  limits.  This  will  he  discussed  further 
in  modelling  system  constraints.  The  last  factor  that  must  he  considered  in  the  design 
of  the  performance  index  is  its  form,  i.c.,  quadratic  or  generalized.  This  factor  is 
driven  by  the  parameters  to  be  minimized  and  by  the  theory  or  methodology  that  will  be 
used  to  solve  the  problem. 

System/statc  constraints  can  he  handled  explicitly  or  implicitly  by  optimal 
control  formulations.  In  the  missile  control  problem  these  constraint:,  may  be  factors 
such  as  acceleration  limits,  seeker  angle  or  rate  limits,  terminal  constraints  (zero 
miss  distance,  terminal  aspect  angle)  and  other  state  constraints  that  may  limit  the 
system's  performance.  However,  inclusion  of  explicit  constraints  virtually  always  leads 
to  a  difficult  two-poi nt - boundary - va lue - proh  1  cm  that  can  only  he  solved  by  iterative 
numerical  techniques,  making  on-line  real-time  solutions  via  microprocessors  difficult 
at  best.  further,  solutions  of  this  type  arc  quite  sensitive  to  modeling  and  measurement 
errors.  Pecatise  of  those  reasons,  explicit  constraints  are  generally  avoided  in  the 
missile  guidance  problem.  An  alternative  approach  to  handling  system  constraints  is  by 
implicit  enforcement  via  the  cost  functional.  In  this  approach  the  constrained  factors 
are  minimized  rather  than  explicitly  hounded.  Ibis  minimization  can  lead  to  unnecessary 
or  undesirable  conditions  if  extreme  care  is  not  taken  in  weighting  the  parameters  to 
he  constrained. 

The  missile  math,  model  construction,  as  in  the  performance  index  definition  re¬ 
quires  a  large  degree  of  engineering  judgement.  The  accuracy  of  tho  math  model  trans¬ 
lates  directly  into  the  optimality  of  the  solution.  Unfortunately  the  accuracy  of  the 
math  model  also  translates  directly  into  the  complexity  of  the  solution.  lhis  con¬ 
flicting  situation  of  opt iraai itv  versus  complexity,  forces  the  design  engineer  to  make 
engineering  trade-offs.  1 1n  s  is  not  as  great  a  problem  as  it  appears  since  the  near 
term  goal  is  not  to  derive  "The  Optimal  Guidance  haw"  hut  rather  to  derive  a  guidance 
law  tn.it  performs  better  than  what  currently  exists,  is  realizable,  and  exhibits  "good" 
control  qualities  such  as  st  nbi  1  it  y  and  i  users  i  t  i  v  i  tv  to  modeling  errors  and  nmsc.  for 
the  missile  guidance  problem,  tlu-re  is  a  multitude  of  math  models  that  can  he  selected, 
ranging  from  a  simple  point  mass  linear  kinematic  engagement  model  to  approximately  a 
sixty  state  (the  a- 1  util  number  of  states  is  system  dependent)  nonlinear  dynamic  missile/ 
l  .ii  get  model  .  Practical  models  are  normally  closer  to  lower  range  of  complexity.  As 
will  he  shown  in  this  paper ,  even  the  use  of  s imp!  i  st ic  models  can  realize  extremely 
good  performing  guidance  laws. 

Central  to  all  the  factors  in  the  optimal  control  formulation  is  the  selected 
theory  or  methodology.  The  theory  interrelates  the  key  ingredients  by  dictating  the 
mathematical  form  of  the  major  formulation  factors.  lor  instance,  if  linear  quadratic 
theory  is  the  chosen  methodology,  then  the  cost  functional  must  ho  quadratic  in  form, 
the  missile  math  model  must  he  restricted  to  a  linear  model  and  in  general  the  system 
constraints  can  dictate  the  methodology  that  slioulJ  he  selected.  lor  instance,  if  the 
missile  math  model  is  nonlinear  el  if  the  system  constraints  must  he  explicitly  enforced 
or  ii  the  cost  fund  ioria)  cannot  lie  constructed  ns  a  quadratic  equation  then  a 
generalized  methodology  must  he  used  to  solve  the  problem. 

I  he  decisions  made  by  the  design  engineer  in  the  guidance  law  formulation  will 
ii  !  t  im.at  e  1  v  translate  into  the  effectiveness  of  the  resulting  guidance  algorithm.  The 
effectiveness  of  the  result  ing  guidance  law  lir.elvcs  two  issues,  first,  how  well  the 
guidance  law  meets  the  original  mission  r  oqu  i  rer  on  t  s  when  applied  to  real  world 
situations  and  second,  is  the  guidance  law  real  .'able  with  on  board  sensors  and  within 
real-time  computational  constraints'.'  In  terms  o realizability,  the  ultimate  goal  is 
that  the  guidance  law  he  in  closed  form,  requii  -ng  only  information  that  is  directly 
available  i  com  on  hoard  sensors.  Short  range  air-to-air  missile:,  normally  employ 
,'nSsive  seekers.  The  most  eff’etive  guidance  for  missiles  using  passive  seeker 
information  directly  is  proportional  navigation  with  a  fixed  navigational  gain.  As 
previously  mentioned,  proportional  navigation  performs  i n; d equa t e I v  in  tho  modern  air- 
te-  air  .arena.  This  situation  presents  a  dilemma  in  missile  guidance  design.  In  order 
to  employ  more  e fleet  ive  guidance  laws  more  information  about  tlu-  missile  and  target 
mast  he  known;  however,  if  measurement  devices  are  added  to  the  missile  to  obtain  this 
i  ii  1  a  rma  t  i  on  t  hei  lu-  complexity  and  cost  increase.  The  solution  to  tiiis  dilemma  is  to 
use  optimal  esii  a  icn  techniques  to  estimate  tlu  additional  information.  Ibis  can  he 
done  withau!  tin teasing  tin-  niinbei  el  i-n-hnai.l  sensors. 

I'l-tinnl  lstni.it  ion  I  ec  hit  i  ones  iSlIer  the  potential  for  improvement  in  filtering  noise 
flail  iiieasu  i  eneiil  s  over  elassii.il  filtering  techniques  ami  more  importantly  provide  the 
ability  te  e  s  l  im.ite  n:  a  t  lieir.a  t  i  ca  I  1  y  observable  hut  unmeasured  system  states.  This  is 
possible  because  the  theory  used  in  lies  i  go  ing  I  lie  cst  i  mat  or  provides  explicit  use  of 

the  system  d  . . .  model,  the  system  ne.a  su  i  einon  t  model,  and  Inn. .lodge  of  the  measurement 

liaise  i  ha  i  a .  t  e  i  i  '  t  i  e  s  .  The  optimal  state  estimation  problem  is  at  least  equal  to  the 
npl  null  guidance  problem  in  both  Magnitude  and  com;  I  e  x  i  t  v  .  Hey,  a  id  I  c-  s  s  of  the  t  henret  .  c  a  1 
technique  used  t  e  develop  I  hi  es  I  1  m.i  I  i  till  algorithm,  there  are  two  ways  in  which  it  can 
he  i  e  1  a  t  cT  to  t  lie  opt  I  ri.i  1  gu  i  d  a  i  a.  i-  I  i  w  .  These  relationship.,  oc  c  ii  l  I  roni  (  1  )  tlio  missile 


model  can  contain  unknown  or  uncertain  parameters  which  ultimately  appear  in  the 
guidance  law  (i.e.,  lift  and  drag  coefficients)  and  (2)  the  guidance  law  will  be  a 
function  of  dynamic  states  which  are  cither  unmeasurable  or  corrupted  by  noise.  In 
order  to  adequately  estimate  unmeasured  states,  the  states  must  be  mathematically 
observable.  Simply  stated,  this  means  that  the  estimated  states  must  be  a  function,  at 
least  indirectly,  of  the  measurements.  This  is  the  case  in  the  missile  guidance 
problem  al Lowing  the  estimation  of  extremely  important  state  information  such  as  range, 
range  rate,  and  target  acceleration  from  passive  seeker  and  missile  accelerometer 
measurements . 

RBSBARCH  BINDINGS 

This  program  has  investigated  a  broad  spectrum  of  modern  control  and  estimation 
cheorics.  The  major  control  theories  that  have  yielded  good  results  are: 

a.  Linear  Quadratic  Theory  (1) 

b.  Linear  Quadratic  Guassian  Theory  (2) 

c.  Singular  Perturbation  Theory  (3) 

d.  Reachable  Set  Theory  (3) 

c.  Differential  Game  Theory  (4) 

All  the  guidance  laws  that  were  derived  using  these  theories  perform  better  than 
proportional  navigation,  however,  all  of  the  guidance  laws  require  more  information 
that  proportional  navigation  does.  This  problem  can  be  solved  by  (1)  increasing  the 
number  of  sensors  on-board  the  missile  or  (2)  utilizing  modern  estimation  techniques  to 
estimate  the  required  information  from  existing  sensor  measurements.  Since  the  latter 
approach  offers  the  highest  pay-off  and  the  greatest  challenge  it  was  the  selected 
approach  on  this  research  program. 


The  objective  was  to  derive  the  estimation  algorithms  that  would  provide  the 
information  required  by  the  advanced  guidance  laws,  utilizing  the  following  sensor 
i  n  rorma  t  ion: 


Socket  I  a f oi ria t icn  i 1 ine-of -sight  angle  and  1  ine-of-sight  rate). 


f 

f  I 


b.  Missile  body  accelerations  (axial,  lateral,  and  normal). 

c .  Missile  body  a  1 1  g  u 1  a i  talcs  ( p ,  q ,  and  r )  . 

J.  Initial  range  and  range-rate  (assumed  available  from  launch  aircraft). 

The  main  estimation  theory  used  to  solve  this  problem  was  extended  Kalman  Filtering 
Theory,  A  number  of  different  approaches  was  taken  in  deriving  the  estimators.  Lach 
of  the  approaches  resulted  in  different  filters  which  varied  in  performance  and  complexity 
Once  derived,  each  filter  was  analyzed  to  determine  the  best  tpe r formance  vs  complexity) 
approach  in.  deriving  the  estimation  algorithm.  Tt  was  determined  that  the  filter  that 
utilized  a  linear  kinematic  slate  model  with  a  nonlinear  measurement  model  yielded  the 
best  performance  with  the  least  complexity  (3). 

One  of  the  most  important  findings  in  this  research  was  that  the  performance  of 
the  guidance  laws  is  extremely  dependent  on  knowledge  of  time  remaining  till  intercept, 
commonly  referred  to  as  time-to-go.  It  was  determined  that  even  the  most  simplistic 
guidance  laws  derived  using  Optimal  Goal rol  Theory  yielded  significant  performance 
improvement  ovr  proportional  navigation  if  a  good  method  for  estimating  time-to-go  was 
employed  in  the  guidance  algorithm.  (t>). 

CANDIDA'!  I  ADVANCI.1)  till  1  DANL1.  ALGORITHM 

The  research  has  resulted  in  the  development  of  nearly  thirty  different  advanced 
guidance  and  estimation  algorithms.  Obviously,  all  cannot  be  presented  in  this  paper. 
However,  to  dramatize  the  significance  ot  this  research,  the  most  simplistic  algorithm 
will  he  presented  aiul  compared  to  proportional  navigation.  This  guidance  law  was 
Jerived  using  Linear  Quadratic  Guassian  Theory.  The  derivation  of  the  guidance  law  is 
given  below. 

ST  ATI.  M0D1.L 

Cons i del  the  engagement  scenario  depicteJ  in  I  igurc  1.  Let  f  be  the  missile  and  I 
lie  the  target  and 

i  v  “  -  Missiles  position,  velocity,  and  acceleration  vectors 

N  N  relative  to  some  fixed  inertial  reference  frame. 

r*  v  a  -  Targets  position,  velocity,  and  acceleration  vectors 

1  *  relative  to  the  same  inertial  reference  frame. 


■Him  SSWtlW*|niB5iliain«in,i  anr  xjnrijr 


Define  the  state  vector  as  follows: 


the  target/missile  relative  position  in  the  x  direction 
(x  =  r  -r  ) 

1  Tx  Mx 

the  target/missile  relative  position  in  the  y  direction 
( x  ■  r  -  r  1 

2  Ty  My 

the  target/missile  relative  position  in  the  z  direction 
(x  =r  -r  ) 

3  Tz  Mz 

the  [arget/missile  relative  velocity  in  the  x  direction 
(x»x-v-v) 

4  1  lx  Mx 

the  ta rget /mi ss i le  relative  velocity  in  the  y  direction 

(x  =X  *V  -V  ) 

5  2  Ty  My 

the  target/missile  relative  velocity  in  the  z  direction 

( x  » x  *  v  -  v  j 
(j  .1  1 :  M; 

t(ic  target, 'missile  relative  acceleration  in  the  x  direction 
( x  ~ a  -a  } 

4  Tx  Mx 

the  t arge t /mi ssi 1 e  relative  acceleration  in  the  v  direction 
( x  -  a  -  a  ) 

5  Tv  Mv 


Thus  wc 


=  the  targct/missile  relative  acceleration  in  the  :  direction 
ix  =u  -a  ) 

0  Tz  Mr, 

have  a  linear  model  describing  the  engagement. 


*1  =  i, 

*♦ '  *Tf  *«, 


ASSUMPTION  1 

hot  a.,-x  =B|V  «a,j  -  0.  This  means  that  the  target  has  constant  velocity  in 
magnitude  and  direction. 


If  the  control  vector, u  ,  is  defined  to  he  the  missile  acceleration  and 
assumed  that  target  acceleration  is  zero  then  hquat  ion  (1)  can  ''c  written  in 
space  form  such  that 

x  •  A  x  ♦  B  u  (  2  ] 

Who  re 


hi. ere  1  is  an  Identity  Matrix  with,  dimension  3  x  .3. 


both 


it  i 
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Figure  1.  Major  Ingredient*  of  Modern  Control 
Problem  Formulation  for  Tactical  Miuilet 


Figure  2.  Missile  and  Target  Kinematic  States  Relative 
to  Inertial  Reference  Frame 


ASSUMPTION  J 


An  implicit  assumption  was  made  in  defining  the  control  vector,  u,  as  the  missile 

acceleration.  This  •lef  i  ni  t  is>’i  implies  that  the  missile  has  instantaneous  response 

and  complete  control  over  Mi  three  inertial  acceleration  components.  Thus  the  missile 
is  completely  and  perlcj;.-.-  -•  cy  t  ro  1 1  ab  1  c,.  ’’his  assumption  deviates  from  real  world 

tactical  missiles  in  tw  *  t;.v  •  First,  the  missiles  acceleration  is  uncontrollable 

in  the  missile  hod y  ,x  diw  ction  because  oT  the  type  of  propulsion  system  used"  in  these 
missiles.  SeconiTj the  missiles'  acceleration  response  in  the  body  y  and  z  (lateral 
and  normal)  is  not  instantaneous  nor  unlimited.  *~ 

OPTIMA!.  CONTROL  FORMULAT  (ON 

The  cost  functional  tu  be  minimi  c  c  si  is 


J  =  «,(t|)S(S(fI)  + 


/•If 

v2  /  utRw  <• 


fx:ol  *  * 

,4-4  -  -  *  =  ‘  ‘  • 

lo:oj  L*  •  *. 


(liven  the  cost  functional,  liquation  isl  and  the  state  equation,  lquatienfc),  the 
optimal  control  soli  t\  on  can  be  determined  analytically.  The  solution  is  straight 
forward  but  tedious.  " 

(liven  J  and  state  equation  < Lq  2)  the  Hamiltonian  is  constructed. 


V2»?TR«+PTA?+BT»« 


Where  ;  s  llic  co*  state  victor  wit!i  ii  i  mens  i  on  h  x  1  . 


(S) 


The  necessary  conditions  for  optimality  are 


0=  ^  = 


i-qiKi  t  i  on  1.0  jean  be  written 
u  =  -R~  1!1,£ 

Substituting  liquat  i  on  i.7)  into  l.qua  t  i  or, ,  7  )  we  get 


(?) 


I  ■=  Ax  -  BK'Ml'ij, 
i:rc;»  bq.ia t  i ons  ( S  ) and  (  5 ) we  yet 


IS) 


(0) 


The  solution  to  liquat  i  on  (  9 1  has  the  form 


t 


.  i 

1  I 

I 


f 

i 

1 

j 


> 

I 

1 

i 

i 

"i 


- 

F(t|,U 

X(l) 

p«l) 

p(l) 

t  lie 

b 

eur.da  l  y  eq 

Using  Lquations  ;1  «»•  ar.<!  i'  1.,  in')  can  he  Octet  nincJ  analytically  and  applied 
diicctly  to  liquat  ion  1  '  ho  t  i  ltd  the  cpt  imal  control.  Per  this  example  the  contra, 
solution  is 

a‘  r(w)[  1  :  “•*  ]**  (12) 

■lire  t|0=(1f-t) 

'I  he  theory  that  was  used  to  obtain  the  solution  assumed  that  t  ^ ,  final  time, 
was  specified;  there  lore,  to  insure  optimality  t  j-  must  be  known  a  priori  or  a:  curate  ly 
estimated  dui  int*  flight. 

1: ST  1  MAT  1  UN  ALGORITHM 


Note  from  the  guidance  law  (liquation  12)  that  knowledge  of  relative  position, 
relative  velocity,  and  time -to- go  is  required  for  implementation.  This  information 
can  he  obtaned  fron  an  extended  Kalman  1  liter  us i n K  1  i no -o f - s i ght  angle  and  missile 
body  accel o i a t ion  measurements. 

I'li  c  fonau  I  a  l  i  oi.  and  i*mii  n  ion^  that  describe  the  filter  are  length)'  and  rather 
voirplc*,  therefore,  for  the  sake  of  brevity  will  no!  he  given  in  this  paper.  However, 
;•  couplet  e  document  a  i  i  on  of  the  filter  is  given  in  Chapter  IV  of  (S). 

Although  the  equation?*  i’c:  tlu*  lilte:  dppear  c  o.r.p  I  r  x  ,  the  mechanization  cf  the 
filter  equations  in  digital  code  is  s !  re  i  glit  /  f  onvn  i  d  and  easily  acconp 1 i shed .  lurther 
prel ininarv  analyses  indicate  that  the  algorithms  pose  no  problem  for  mechanization  in 
cm  i'o ;*  t  st  a t  e  -  o :  - 1  he  -  a  i  t  n  i  c  rup  l  oc  i  s s o  r  s  . 

;  S'!  I  MA  I  1  i  i  Mi  -  1  i-  *  i'.c. 

:  he  i :  ■-  *  s  *  ciU“i;.cnlv  u  *cd  iieliud  na  e>t  i:.iat  in,;  t  i  io*  1  n-  y'  1. 1  i;o}  is  1-y 
t  j;c  ~  -  it  /  It 


Vhe  r  e  K  =  i a  n  go  - 1  o -  go 

K  =  range  rate  =  d‘; 


3-7 


Estimating  timo-to-go  by  this  method  assunes  that  the  acceleration  along  the  line-of- 
sighl  is  zero.  However,  this  is  a  gross  assumption  in  the  modern  air-to-air  arena 
because  of  large  target  accelerations  and  most  importantly  large  missile  accelerations 
I  nominal  1  >  30  g 1 s) . 


In  order  to  accurately  compute  time-to-go  we  must  know  the  acceleration  along  the 
1 ine - o f - s igh t  from  present  time  to  intercept.  This  acceleration  is  the  dot  product  cf 
the  target/miss ile  relative  acceleration  vector  (a  function  of  time]  with  a  unit  vector 
along  the  1 ine -o f -s igh t  (also  a  function  of  time).  Obviously  this  cannot  be  determined 
hecause  of  the  uncertainty  of  future  target  maneuvers.  However  the  missile's  accel¬ 
eration  contributes  significantly  to  the  1 ine - of - s i ght  acceleration.  Further  the 
missile's  axial  acceleration  is  closely  aligned  to  the  1 ine- o f - s igiit  for  many  engage¬ 
ments  therefore  it  will  dominantly  influence  the  missile's  contribution  to  the  line-of- 
sight  acceleration. 


The  necessity  for  knowledge  of  time-to-go  arises  from  the  theory  that  was  u .ed  to 
derive  the  guidance  law.  The  theory  assumed  that  final  time  was  fixed.  Also,  recall 
that  it  assumed  complete  control  of  all  three  missile  acceleration  components.  These 
two  assumptions  are  significant  deviations  from  the  aetjal  tactical  missile  intercept 
problem;  however,  they  had  to  he  made  in  order  to  obtain  a  solution  in  closed  form.  In 
reality  final  time  is  free  (within  energy  and  physical  constraints)  and  there  is  no 
control  of  missile  axial  acceleration.  However,  all  is  not  lost.  Consider  the  guidance 
law  (Equation  12)  written  in  terms  of  the  states  referenced  to  the  missile  body  co- 


ordinate  system  and  with 

b 

■  0. 

■  5 

X 

(Sp  /tgo' 

X 

+ 

VR  /tgo) 

X 

(14a) 

A  =  5 

M 

(SR  Mx0' 

♦ 

Vp  /tgo) 

(14b) 

y 

V 

y 

A  -  3 

(Vtg°2 

+ 

Vp  /tgo) 

(14c) 

hhe  re 


Sg  ,  S|’v ,  and  Sg.  are  the  three  components  of  t  e  relative  position  vector  Sp 


referenced  to  the  missile  body  and  Vp  ,  Vg  ,  Vg,  ar  the  three  components 
relative  velocity  vector  Vp  reference.,  to  the  miss,  c  K,-dy. 


of  tb' 


Since  there  is  no  control  of  the  missile's  axial  acceleration,  in  the  pa 
Equation  14a  has  been  completely  neglected.  By  doing  this,  a  considerable  amount 
of  information  is  not  being  utilized.  The  following  time-to-go  algorithm  utilize' 
the  information  in  Equat ion  ( ! 4a ) t o  solve  for  time-to-go  and  then  uses  the  solution 
to  time-to-go  to  solve  for  Equa t i ons ( 1 4b land (1 4c )  , 


Assuming  that  good  information  on  Sp  and  Vp  (these  are  obtained  from  the 
estimator)  and  the  axial  acceleration.  Am  ,  is  mea  arable,  Equa t ion ( 1 4 a)  contains 
only  one  unknown  tgo.  Therefore  Equat i on ( 1 4 a )can  ue  wr  .ten. 


tgo~ 


x 


(tgo) 


a 


S 


R 


x 


X 


0. 


(15) 


Using  the  Quadratic  Formula,  Equat ion ( 1 3 ) can  be  solved  to  obtain 


•T  Vp 

_ '\x 

:  am_ 


j — y-v  ♦  >2  sKx  am. 

2  am„ 


(16) 


I  quat  i  cm  1  (>) has  two  solutions.  To  determine  which  solution  is  the  desired 
solution,  the  constraint  that 


1  i 

S 


*  [tK°] 


shall  be  imposed . 


hith  this  constraint  and  realizing  that  \ R^<  0  if  the  missile  is  closing  on  the  target 
then  the  final  solution  becomes 


tRO  *  (3  Vr 


A 


Vo 


12  SR  AM*}/(2  Ay,x) 


(17) 


Substituting  liquation  (l'j  back  into  Equation  (14a)  the  tirac-ro-go  algorithm  can  be 
rewritten  to  be 


tgo 


-V- 


ZSRx 


x 


Rx- 


T/TS 


Rx  aMx 


(18) 


The  advantages  of  this  time-to-go  algorithm  is  that  it  explicitly  accounts  for  the 
effect  cf  missile  acceleration  in  estimating  tlme-to-go'  thus  it  provides  a  better 
estimate  of  time-to-go  resulting  in  more  optimal  lateral  and  normal  acceleration 
c  emmands . 

GUIDANCE  LAW, 'ESTIMATOR  MECHANIZATION' 


Tin 


guidance  law  and  estimation  algorithm  arc  combined  into  a  complete  guidance 


package.  .he  implementation  of  the  guidance  package  will  he  done  via  a  microprocessor 
based  computer  such  that  it  can  be  integrated  into  the  total  missile  system.  A  block 
diagram  representation  of  the  guidance  package  is  given  in  figure  3,  I  he  guidance 
package  uses  measurements  iron  the  seeker  and  missile  accelerometers  as  inputs  and 
provides  acceleration  ccmr.ian.is  to  the  autopilot.  The  figure  depicts  the  outputs  of  the 
estimator  providing  information  to  the  guidance  law  and  time-to-go  algorithm.  This 
c  on  l"  i  gui'a  1 1  on  offers  great  flexibility  in  future  weapon  systems  because  it  allows  for 

or  both  as  new  techniques 


easy  replacement  of  the  guidance  law  or  estimation  algorithm 
are  dm  loped  or  as  new  mission  requirements  arise. 


HOUSE  3  BLOCK  DIAGRAM  KEPntSfNr  AT  ION  OF  ADVANCED  GUIDANCE  PACKAGE 


In  implementing  the  guidancc/cst  inat  i  mi  algorithms  consideration  must  be  given  for 
the  cooroinale  systems  tu  whi».ii  the  i  npnt  .'out  put  data  is  referenced.  The  seeker 
measurements  arc  with  reference  to  the  seeker,  the  accelerometer  measurements  and 
no.  Herat  ion  commands  are  referenced  to  the  missile  body  and  the  guidance  state  vector 
is  referenced  to  inertial  cue  rd  i  na  t  es  .  !iy  util  icing  ir.ea  sureir.eii  t  s  of  the  nissile  angular 
rates  ■' p ,  q ,  and  rl  the  l.idor  angles  relating  the  reference  system  to  the  missile  body 
system  call  be  computed.  Ihcse  angles  are  required  o  generate  the  required  t  rails  fo  rna  t  i  Cl 
rnit  ri.es.  Work  is  currently  in  progress  to  eliminate  this  need  by  riojifying  the  guidance 
c  1 1  u  a  t  i  ;  1  s  t  -a  :  1  1  u  i.  ta  e  l  in i1.  .  ...T  iiiii  i ;  (  ;n  i  s  s  :■  i  e  lu'di  y  .  riri.!  1  Hat  rs  . 

TV  A  I.E  A  !  I  AN 

ilie  most  economical  and  effective  method  to  evaluate  any  guidance  algorithm  is  to 
implement  it  in  a  detailed  simulation  of  a  missile  system  and  perform  simulated  missile 
fly-outs  against  realistic  target  models.  i  h  i  S  was  accomp".  i  shod  in  the  analysis  of  the 
giii.hui.c  package  picentcd  in  t  In  s.  piper. 

lire  guidance  package  was  implemented  in  a  s  i  x -deg  I  ce  -  o  I  I  recdor.  it-iii1!-)  missile 
s  i  an:  i  a :  i  on  of  a  conceptual  short  range  air-to-air  missile.  The  simulation  contains 
detailed  lieu  lineal  math  n.nlels  of  the  r.iier  missile  subsystems  including  the  seeker, 
autopilot,  or  stability  augmeii  t  a  t  i  on  system,  and,  nropulsien  systems;  realistic  noise 


models  of  the  on-board  sensors  and  seeker  measurements;  detailed  aerodynamic  models  of 
missile  airframe  characteristics;  and  the  models  that  describe  the  missiles'  equations 
of  motion.  Additionally,  the  simulation  contains  a  three-degree-of -freedom  target 
model  which  incorporates  a  "smart"  target  nine  "g"  evasive  maneuver  algorithm. 

In  order  to  establish  a  baseline,  proportional  navigation  along  with  well  designed 
low-pass  filters  for  smoothing  the  seeker  measurements  was  implemented  in  the  simulation 
and  evaluated  under  the  same  conditions  as  the  advanced  guidance  package.  The  navi¬ 
gation  gain  was  optimized  to  minimize  miss  distance. 

To  evaluate  and  compare  the  two  guidance  techniques  (proportional  navigation  and 
the  advanced  guidance  package),  numerous  Monte  Carlo  analyses  were  performed  for  a 
large  number  of  engagement  conditions.  To  accomplish  this,  over  2000  flv-outs  per 
guidance  algorithm  were  accomplished  with  the  aid  of  a  digital  computer.  This  compre¬ 
hensive  analysis  allowed  the  generation  of  effective  launch  envelopes.  The  effective 
launch  envelope  defines  the  geometric  region  in  space  from  which  the  missile  can  be 
launched  and  a  mean  miss  distance  of  ten  feet  or  less  be  obtained.  A  further  con¬ 
straint  was  imposed  in  that  the  standard  deviation  of  the  miss  distance  had  to  be  less 

than  the  mean  miss  distance.  This  additional  constraint  translates  into  a  high  con¬ 
fidence  factor  of  the  Monte  Carlo  analysis.  A  minimum  of  ten  Monte  Carlo  runs  was 
accomplished  for  each  launch  condition.  If  the  results  appeared  to  be  sensitive  to  the 
noise  distribution  then  further  Monte  Carlo  runs  were  conducted  until  the  percent 
change  in  the  standard  deviation  was  within  acceptable  limits. 

The  missile  and  target  were  cc-altitude  (3. OS  kilometers)  at  launch  and  were  co¬ 
speed  at  launch  (.<5  Mach).  The  target  performed  its  evasive  out-of-plane  maneuver 
algorithm  when  the  range  became  less  than  or  equal  to  1.83  kilometers. 

The  effective  launch  envelopes  are  depicted  in  Figures  4  and  S.  Figure  4  shows  the 
case  for  ,0  of  f-bores  ight  angle  (the  of f - bores  i  ght  angle  defines  the  angle  between  the 
initial  1  me  -  of - s ight  vector  and  the  initial  missile  velocity  vector,  therefore  0°  off- 
boresight  means  the  missile  was  launched  directly  at  the  target).  Figure  5  shows  the 

launch  envelope  for  40°  of f-bores ight  launches  where  the  missiles’  velocity  vector 

lagged  the  1  ine-of- sight  vector  bv  40°.  This  is  considered  a  worst  case  launch  condi¬ 
tion  for  the  missile.  The  polar  plots  of  the  launch  envelopes  in  Figures  4  and  5 
depict  launch  range  versus  uspec*  angle-  (the  angle  between  the  initial  linn  of  sight 
vector  and  the  targets  velocity  vector  at  launch).  For  instance  a  0C  o f f -  bore s  i  gh t ,  0° 

aspect  angle  launch  condition  would  be  a  tail-on  shot;  a  0°  of f -bores ight ,  180°  Q 

aspect  angle  launch  condition  would  be  a  head-on  shot;  and  a  40°  o f f - bores  ight ,  90 

aspect  angle  launch  condition  would  ho  a  beam  shot  where  the  targets  velocity  vector 

would  be  perpendicular  to  the  1 i ne - of - s igh t  and  the  missiles  velocity  vector  would  lag 
the  1 ine-of - s i ght  by  40°. 

It  should  be  noted  again  that  both  guidance  algorithms  (proportional  navigation  and 
the  advanced  guidance)  used  passive  seeker  information,  however,  proportional  navigation 
only  used  the  filtered  measurements  of  1 i ne -of - s ight  rate,  whereas  the  advanced  gui¬ 
dance  package  used  1 ine-of- sight  angle  and  missile  acceleration  measurements  as  inputs 
to  the  estimator  which  provided  estimates  of  relative  range  and  relative  velocity. 

As  can  easily  be  seen  f.cm  Figures  4  and  5,  the  advanced  guidance  law  significantly 
out  -  performed  the  proportional  navigation  law,  especially  in  the  close-in  arena. 
Considering  that  this  was  accomplished  without  additional  sensor  devices  is  a  sig¬ 
nificant  achievement  in  missile  guidance  development. 

CONCLUSIONS  AN!)  RECOMMENDATIONS 

The  results  of  this  effort  have  clearly  shown  that  the  use  of  Optimal  Control  and 
Estimation  Theory  for  deriving  advanced  tactical  missile  guidance  concepts  can  yield 
extremely  high  performance  guidance  algorithms.  Further,  this  can  be  done  without 
increasing  the  hardware  requirements  of  the  missile  system. 

These  concepts  also  nffer  the  potential  for  decreasing  the  sensor  accuracy  specifi¬ 
cations  without  degradating  the  total  system  performance.  This  could  result  in  ef¬ 
fective  low-cost  weaponry.  However,  there  is  a  limit  to  this  process  and  no  studies 
have  yet  been  pursued  to  fully  explore  this  potential.  This  type  cf  study  could  be 
extremely  beneficial  to  the  Air  Force. 

It  has  also  been  shown  in  recent  studies  ths  these  te  Uniques  are  applicable  to 
solving  guidance  problems  for  fixed  (strapdown)  seekeis.  More  studies  in  the  future 
arc  needed  to  pursue  this  potentially  high  pay-off  technology. 

Thus  far  only  the  development  of  terminal  guidance  laws  has  been  accomplished  via 
Optimal  Control  and  Estimation.  It  is  feasible  that  equivalent  performance  improve¬ 
ments  can  be  made  in  other  tactical  missile  subsystem  technology  areas  such  as  mid- 
bourse  guidance  for  beyond  visible  range  missiles,  pronulsioi,  system  design  especially 
in  areas  when  partial  thrust  control  is  possible  such  as  in  pulse  motors  and  Ramiets, 
and  in  autopilot  design.  The  application  of  Optimal  Control  and  Estimation  to  these 
areas  needs  to  be  fully  explored. 


23-10 


In  terms  of  raechan  1  la t  ion ,  future  work  needs  to  he  accor.pl  i  shed  in  thoroughly 
defining  the  on-board  computer  requirements  for  realisation  of  the  algorithms. 

A-lthouah  these  algorithms  appear  to  be  impl ementable  in  microprocessors  and  solvable 
'in  real  time,  the  Air  Force  will  not  be  able  to  fully  determine  the  potential  pay-off 
of  these  algorithms  until  this  task  is  explicitly  accomplished. 

It  should  also  be  noted  that  the  guidance  algorithm  presented  in  this  paper  is  the 
most  simplistic  of  all  the  algorithms  developed  in  this  research  program  Other  more 
sophisticated  and  more  complex  algorithms  have  been  diveloped.  These  higher  order 
algorithms  offer  the  potential  for  further  missile  performance  improvements  that  will 
be^necessarv  to  meet  future  mission  requirements.  Trends  in  digital  hardware  techno- 
iogv  indicate  that  it  will  be  practical  to  mechanize  even  the  most  sophisticated  ot 
these  algorithms  in  future  air-to-air  missiles. 

In  conclusion,  Optimal  Control  and  Estimation  Theory,  combined  with  modern  digital 
technology  offer  the  potential  for  the  development  of  high  performance,  moderate  cost 
tactical  weapons  in  the  next  generation  of  missiles. 
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SUMMARY 

»he  segments  of  an  example  Terminally  Guided  Subrnissile  (TGSM)  tactical  mission  are  examined  to  identify  those 
guidance  and  control  modes  employed  in  performing  the  mission.  Special  control  problems  resulting  from  drop  testing 
from  helicopter  earner  vehicles  are  also  identified  to  further  define  the  elements  of  the  test  problem.  Boeing’s  develop¬ 
ment  test  program  for  TGSM  vehicles  is  then  described,  including  descriptions  of  our  terminal  guidance  laboratory 
facilities.  Additional  detail  is  given  on  the  laboratory  configurations  for  testing  TGSM’s  using  both  1R  and  millimeter 
wave  (MMW)  seekers. 

Development  of  the  real  tune  Hardware-ln-The-Loop  (HITL)  TGSM  simulation  is  then  summarized  along  with  those 
problems  addressed  through  the  use  oi  the  HITL  simulation.  The  final  section  presents  some  HITL  simulation  data  gener¬ 
ated  during  Our  Phase  11  Assault  Dreamer  Program.  The  data  is  analyzed  and  discussed  to  show  its  utilization  in  evaluating 
TGSM  performance. 
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Total  Angle-of-Attack 
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MMU 

Millimeter 

6. 
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2 

Pitch  Plane  Velocity 
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Yaw  Plane  Velocity 

A/15 
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Y  a w'  Altitude  Rate 
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Yaw  Attitude  Angle 
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6. 

Equivalent  Roll  Fin  Angle 

RF 

Radio  Frequency 

p 

Roll  Attitude  Rate 
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Roll  Altitude  Angle 

S>LOS 
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Flight  Table  Pitch  Cimba)  Angle 

of 

Pitch  LOS  Rate  Measured  by  Seeker 
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Flight  Table  Yaw  Gtrr.bal  Angle 

INTRODUCTION 

The  Terminally  Guided  Subnv.ssile  (TGSM)  is  a  common  element  to  many  proposed  concepts  for  attacking  second 
echelon  atmo:.  \Figurc  1.)  This  paper  examines  an  example  TGSM  concept  some  special  considerations  in  flight  testing 
the  TGSM,  Boeing's  approach  to  TGSM  development  testing,  including  Hardware-ln-The-Loop  (HITL)  simulation  testing, 
and  concludes  by  presenting  some  HITL  simulation  test  data. 


THE  TACTICAL  MISSION 

The  TGSM  mission  considered  divides  into  four  major  segments  which  utilize  combinations  of  Guidance  and  Control 
loops.  The  first  segment,  "A"  is  an  attitude  control  mode  used  immediately  after  dispense  and  prior  to  initiating  the 
dispersal  maneuver.  Segment  "B"  is  a  programmed  guidance  mode  used  to  implement  the  desired  dispersion.  Segment 
"C"  is  a  search  and  acquisition  mode  which  is  functionally  laenticai  to  Segment  "A".  Segment  "D"  is  the  final  terminal 
guidance  mode  used  to  intercept  the  target. 

These  segments  are  depicted  on  Figure  2  and  arc  further  defined  in  the  following  paragraphs  in  the  order  employed. 


Attitude  Control  Prior  to  Dispersal  -  Segment  "A** 

This  is  the  initial  function  employed  upon  release  or  launcn  from  an  example  carrier  vehicle.  It  may  be  attitude 
rate  control  only,  referenced  to  the  launch  or  release  attitude,  or  it  may  be  integrated  attitude  rate  referenced  to  a  pre¬ 
set  desired  attitude  such  as  horizontal  or  vertical.  The  TGSM  considered  employs  a  pre-set  "vertical"  reference  attitude 
initialized  from  the  earner  reference  system  just  prior  to  launch.  Accumulated  attitude  error  is  thus  a  function  of  the 
initialization  error,  the  drift  rate  in  the  TGbM  attitude  late  sensors,  arid  the  elapsed  tune  since  initialization.  Accelera¬ 
tion  sensitive  drifts  may  also  be  significant  defending  on  the  acceleration  or  "g"  loads  imposed  during  the  launch  se¬ 
quence.  Attitude  rate  control  is  exercised  immediately  following  clearance  of  the  TGSM  control  fins  as  the  missile  js 
launched  or  dispensed  and  the  fins  snap  into  extended  position.  A  short  time  is  allowed  for  the  TGSM  flight  path  to  sta¬ 
bilize  and  to  clear  the  carrier  vehicle  before  activating  the  programmed  attitude  profile  to  implement  the  desired  dis¬ 
persal  maneuver. 


Programmed  Guidance  for  TGSM  Dispersal  -  Segment 


The  desired  TGSM  dispersal  pattern  for  our  example  is  executed  by  rolling  each  vehicle  to  a  prestored  angle  and 
then  activating  a  prestored  pitch  plane  attitude  profile  designed  to  terminate  at  a  specific  attitude  and  velocity.  Initial 
Assault  Breaker  "scekerless"  TGSM  testing  utilized  this  guidance  mode  with  a  programmed  scries  of  roll,  pitch,  and  yaw 
maneuvers  to  verify  the  flight  control  system  and  the  aerodynamic  model. 


Terminal  Guidance  -  Segment  "D" 

Orpl-tior.nf  the  programmed  guidance  maneuver  is  followed  by  activation  of  the  seener  start  search  program 
winch  is  terminated  at  "acquisition"  (segment  "G".*.  Proportional  guidance  is  then  utilized  to  home  on  the  acquired  tar¬ 
get.  Guidance  gam  and  response  time  are  a  compromise  designed  to  achieve  the  minimum  miss  distance  commensurate 
wtli  the  seeker  angle  tracking  noise  and  the  requirement  for  adequate  stability  margins  in  the  autopilot  control  loops. 


SPECIAL  DROl  TEST  CONSIDERATIONS 

The  control  problem  can  be  lurthe.  complicated  for  certain  types  of  TGSM  testing,  especially  helicopter  borne  drop 
it".*-.  .-,s  v>  .i s  *o  testing  tne  I  hose  II  Assault  breaker  (A/B)  TG.>M's.  1  or  th.e  Boeing  TG>M  tests.  dynamic  pressure 
va:  ird  iioin  a  low  ne.u  '‘u"  witn  tin  initial  d  i net ers-pc r  -  second  Lnps)  launch  velo-Cit >  to  a  high  of  over  1.)  X  I  C,h 
grams  'meter  ~L  at  the  over  I  !>0  m.ps  velocity  a*  impact.  1  he  result  was  ?.  requirement  tor  a  compensating  gain  schedule  to 
1 1 1 a i r. t a ; i :  nccu  :  onsiant  control  el lc<  t iveness  thro.ig;iout  the  drop  tost  mission.  Maintaining  adequate  stability  margins 
thus  required  3  very  close  match  between  the  predicted  velocity-time  profile  used  to  establish  the  prestored  gain  sched¬ 
ule,  aeo  the  range  ot  actual  veioc ity -tune  profiles  that  may  exist  in  a  "reaj  world"  drop  test. 


THl:  DEVELOPMENT  TEST  PROGRAM 

Vhe  v  filed.:  1  or  v..\'.  ox.-,  m  a  1  i.AM  test  program  is  ciosely  relali  J  to  Inc  demonstrated  accuracy  m  impacting  me 
large*.,  i  i  •  siMiH'.l  <.  barge  war  head  devu  e>,  a  miss  -  no  umIUm  now  smail  -  is  ot  lilt  It*  value  m  killing  the  hard  tar  gets  of 
micros*..  Don  unstinting  the  required  act  ur-n  \  with  the  least  number  of  TGSM  rounds  thus  requires  a  high  ievol  of 
:  •.  in  tii<  I  'O  loA  -i see  jo?  re-..?  t.i.g  Tm‘‘V,  pc;  I o:i e.  T‘.t*se  ac-  ui.o  »  reqn.-euiei.ts  apply  to  the  individual 
K.vV.  -ii!.s;.sUi;.  .i:\jco,  -ho  target  1  the  ta ‘get  h„-  kgro  md  ;  .o-dei.  the  U.ght  environment  model.  and  the  initial  or 
iaun.  i>  ,  oiuiit iv:.\  modei.  Inc  target  ami  target  0 u aground  ii:-.»de;s,  especially  for  real  world  battlefield  fiight  environ¬ 
ments  is  an  area  where  the  data  base  i>  still  very  hunted,  Both  the  Assault  breaker  and  \l  ASP  programs  have  utiii/ed 
te'.'.vr  .*"  !  cti }**. :ve  flight  tests  t.  o j t a  L'jsv;  hv'l'W'.u  1  t'*stii»e  stj*|  »-eq  ered  for  ^Hv^rsi*  w»»athoi 

ai'J  hattici iclci  environments. 

I  ;  r  t!:is  paper,  our  concern,  .s  primarily  one  cl  guniance  performance.  Wo  therefore  assume  that  target  acquisition 
has  occurred  and  we  examine  those  tests  required  to  refine  or  verily  the  subsystem  models  in  order  to  finalize  the  guid¬ 
ance  and  control  loop  parameters.  Utilization  <M  these  models  and  parameters  in  terminal  guidance  simulations  provides 
the  guidance  performance  predictions  and  parameter  sensi t : \  itics  required  to  predict  uusS  distance.  At  Boeing  these  are 
"All  Gcmpi.iTdt.or.ai"  or  "Al.  Comp"  simulations  utilizing  mathematical  models  entirely.  Such  simulations  are  formulated 
early  a  program  and  are  continually  refined  as  wind  tunnel  tests  are  completed  and  individual  components  of  subsys¬ 
tem  hardware  are  designed  and  the  hard  war*.  .x  ava.labic  for  model  vcnlication.  As  ta.s  occurs,  the  test  program  enters 
what  we  cal!  the  Hardware-ln-The-lcop  '  (Mil  L)  test  phase. 


H1TL  SIMULATION  TESTING 

rlllL  s.iradaliou  testing  employs  a  versatile  "reu;  true"  s.mulatiou  with  appropriate  target  and  rv.isSilc  motion  Simu¬ 
lators  to  acourately  duplicate  the  seeker -tar get  dynamic  interaction  and  the  missile  rotational  dynamics.  Target  radia¬ 
tion  is  provided  .il  the  proper  frequent  v  nr  wave  length,  and  with  the  appropriate  dynamics  and  signature  character iStics 
lor  1 1  ie  K,V\i  target  seeker  bc.ng  tested.  Tests  are  performer!  using  harGware  subs'., iuti  3I.S  lor  diflerent  subsystem 
r  ■a’,,.ei:.at  ical  models  until  the  final  flight  c^rtil  mat  ion  testing  which  utilizes  die  entire  TGSM  unit  as  shown  on  Figure 
3.  These  tests  arc  performed  in  Boeing’s  Tormina  I  Guidance  Laboiatory  (TGL)  shown  on  Figures  4  and  5. 


Terminal  Guidance  Laboratory  (TGL) 


large! 
Ii r.i-lh-d  I 


simulators  in  the  TGL  provide  dynamically  and  spec  trail  v  valid  target  signatures  for  seekers  operating  in  the 
If i  .hi;!  Dpti:  .»!  do-man.  the  2  to  !2  g ;g»iher t /  KiH/)  regi  i;  of  the  Radio  Frequency  (Rl  >  spectrum,  arid  Ih' 
ui\c  (MY.Vi  1  rej,ivri.  (p.ianc  omy  -  0.1  to  100  GHz).  Far  t!  is  paper.  TGbM  test  considerations  are  restricted 
1 1 1 1  a  i  ■  i  vt  i  !v  .ii!1.'  IMS'.!  **•  .MMvl  seeker  s.  Ivu.i  *  *  j  >*  *  -.  ev-ilu.t!**:!  -during  hoeing  s  I’.’use  II  Tssa  i.t  Breaker 

^  will  he  e\  ai-«.iet*  'bring  rhe  *  uncut  WAV'  }iieg;a"..  I  igurt  *»  shows  liic  MM\1  test  facility  used  for  the  passive 


"nice  i-'.e  seekci  linpact  on  guidance  accuracy  is  priinanly  a  function  of  the  angle  and  ^ngle  rate  tracking  no.se 
ciur.i.g  the  fin.il  phase  of  Light,  M M ’V  target  simulation  faciiit.es  were  developed  first  for  the  passive  mode  which  is 
eu.pioyeii  b>  botr.  Boeing  Assaui*  Breaker  end  ^  AM*  A'  seekers  for  this  phase  of  flight.  Both  seekers  were  developed 
by  the  V>e.Ty  (  ornpu.y  am;  uiii./c  an  imti  »l  act.ve  mode  for  better  target  rii scrim unat .on  and  longer  acquisition  range; 
•how- eve. .  ir.crea.s-ng  glint  ao.se  at  cU,sc  range  with  the  active  mode  forces  a  switchover  to  passive  operation  which  pro¬ 
vides  a  =:,iic;i  lower  r.n:>c  ievcl  curing  ti;e  crucial  final  homing. 


1 


While  dynamic  MMW  target  simulation  for  the  active  MMW  seekers  is  desirable,  Boeing's  facility  . 
capability  is  still  in  the  design  stage  and  is  not  scheduled  for  completion  until  late  1981. 
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■*  providing  this 


Missile  motion  is  simulated  in  the  TGL  with  a  three-axes  dynamic  flight  simulator  built  by  the  Carco  Electronics 
Company.  The  flight  table  portion  of  this  simulator  is  shown  on  Figure  3  with  the  entire  Boeing  Assault  Breaker  TGSM 
mourteci  for  test. 

Figure  6  shows  the  varian  -72  computer  complex  wh.ch  implements  the  simulation  equations  in  real  time  and  inter¬ 
faces  with  the  different  laboratory  simulators,  the  instrumentation  and  recording  equipments,  the  TGSM  being  tested, 
and  the  operators  console. 


Laboratory  Configuration  and  Operation  for  H1TL  Simulation  Testing 

HITL  simulation  testing  utilizes  the  TGL  facilities  to  excite  the  TG5M  subsystems  wiin  external  forces  and  radia¬ 
tion  which  is  designed  to  closely  match  the  external  stimulus  that  would  be  encountered  in  an  actual  flight. 

Figure  -7  depicts  the  TGL  configuration  for  testing  an  IR  seeker  guided  TGSM.  In  this  configuration,  laser  radiation 
at  the  proper  wave  length  is  reflected  by  the  two-axes  mirror  onto  a  spherical  screen.  The  increasing  angle  subtended 
by  the  target  with  decreasing  range  is  simulated  with  the  spot  size  controller.  Computed  relative  range  and  velocity 
drives  the  spot  size  controller  while  computed  flight  path  rotation  rate  drives  the  two-axes  mirror,  Detected  motion  of 
the  target  spot  by  the  table  mounted  1R  seeker  generates  line-of-sight  (LOS)  rate  signals  which  are  input  to  either  a 
flight  control  system  model,  or  the  TgSM  llight  control  system  hardware.  Either  measured  or  computed  fin  angle  signals 
are  input  to  the  aerodynamic  model  which  outputs  pitch,  yaw,  and  roll  signals  to  the  ti  ree-axis  flight  table  and  mirror 
and  spot  size  controller  signals  foi  flight  path  rotation  and  range  closure.  The.  subsystem  computer  models  are  pro¬ 
grammed  to  duplicate  the  known  subsystem  dynamic  responses,  as  well  as  deviations  from  these  "mean”  characteristics 
to  account  for  unknowns  and  to  do  parametric  studies  for  system  optimization.  Eyterna»  seeker  noise  can  be  input 
with  the  two-axes  mirror,  or  electrically  input  and  summed  with  the  seeker  output  signals.  Different  seeker  blind 
ranges  can  be  simulated  by  turning  of  the  laser  at  different  simulated  ranges.  The  simulation  is  initiated  at  some 
programmed  range  and  velocity  which  are  misaligned  by  various  angular  amounts  to  examine  the  effects  of  target 
acquisitions  at  different  ranges  and  over  some  band  of  search  angles.  Each  run  is  terminated  when  the  computed  range 
vector  goes  through  "o".  Target  miss  distance  and  various  simulation  parameters  are  recorded  and  used  to  evaluate 
the  TGSM  being  tested. 

The  facility  shown  in  Figure  -r>  is  used  far  testing  TG'M's  using  MMW  target  seekers.  For  this  facility,  simulated 
target  radiation  is  generated  with  an  array  of  gas  discharge  tubes  which  arc  programmed  to  provide  the  same  apparent 
target  motion  ind  growth  with  rar.ge  closure  as  in  the  IR  facility.  Figure  -S  depicts  the  laboratory  Conf igurat ion  for 
testing  TGSM’s  with  MMW  target  seekers.  The  IR  and  MMW  simulation  functions  are  identical  except  for  those  associated 
with  controlling  the  target  simulator.  Figure  -9  shows  a  MMW’  see)..,  mounted  in  the  MMW  laboratory  flight  !  )le. 

The  capabilities  and  constraints  of  the  IR  and  MMW  target  simulators  are  shown  on  Figure  -iO. 


HITL  Simulation  Development 

The  initial  Hardware  ln-Th«-Loop  (HITL)  testing  consisted  of  open  loop  modeling  tests  on  the  major  functional  com¬ 
ponents  which  are  the  autopilot,  fin  actuator,  rate  sensors  and  seeker  (Figure  1 1).  After  each  hardware  subassembly  was 
flown  m  the  loop  with  the  others  Simulated  in  software,  the  subassemblies  were  added  one  at  a  time  until  the  entire 
missile  was  flown  in  the  hardwai e-in-the-!oop  simulation. 

These  initial  subassembly  tests  consisted  t<f  taking  sufficient  open  loop  test  data  to  obtain  the  transfer  function  for 
the  assembly.  The  transfer  function  was  then  implemented  in  software  that  would  run  in  real  time.  After  all 
subassemblies  were  modeled  or  sufficient  design  data  was  available  to  generate  a  model,  the  ieal  time  simulation  was 
generated  using  aerodynamic  data  taken  in  wind  tunnel  tests  and  the  in-  del  data  generated  for  each  subassembly.  By 
using  design  dau  to  generate  prclunmaiv  models  for  hardware-in-the-loop  simulation  software,  the  software  program 
development  progressed  in  parallel  with  the  hardware  and  was  ready  when  the  hardware  was  available.  As  each  flight 
configured  hardware  subassembly  became  available,  closed  loop  test  data  wuS  generated  to  develop  a  more  realistic 
model. 

The  resulting  closed-loop  models  were  then  used  to  update  the  computer  simulation,  which  was  then  used  to  evalu¬ 
ate  the  effect  of  the  updated  model  on  system  performance.  To  obtain  adequate  performance,  system  gains,  bandwidths 
and  dead  zones  were  first  uujusled  in  the  system  software  model  which  ultimately  required  TGSM  hardware  or  software 
modifications  prior  tc  the  lmal  flight  c  rtilication  HITL  simulation  test.  As  each  piece  of  hardware  was  added  in  the 
loop,  the  optimization  process  was  repeated  until  all  hardware  was  flown  in  the  loop  for  the  final  optimization.  This 
final  optimization  involved  repeated  simulation  runs  to  examine  guidance  accuracy  and  stability  for  the  expected  range 
of  drop  test  conditions. 

After  eacn  actual  TGSM  drop  test  the  flight  data  was  reviewed  and,  if  required,  the  hardware  or  software  was  modi¬ 
fied  a1'  well  as  she  software  for  the  HITL  simulation.  The  optimization  process  is  continual  as  better  modeling  data 
becomes  available  and  the  hardware  matures. 
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Some  of  the  problems  addressed  by  hardwar ''-ir.-the-loop  testing  of  terminally  guided  submissiles  are: 

1.  Seeker  control  loop  optimization 

2.  Seeker  output  filter  optimization 
).  Guidance  filter  optimization 

«.  Autopilot  software  compatability 

5.  Autopilot  hardware  inadequacies 

6.  Seeker  sof tware/hardware  inadequacies 

7.  Actuator  dead  uami  and  nonlincaritiec 
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Discovered  hardware  inadequacies  can  sometimes  be  compensated  lor  by  software  and  thus  keep  hardware  changes 
to  a  minimum.  This  occurred  a  number  of  times  during  the  Phase  I!  Assault  Breaker  HITL  testing. 

The  following  section  presents  example  hardware-in-the-loop  test  data  taken  in  Boeing's  Terminal  Guidance  Labora 
tory  prior  to  some  of  our  Phase  11  Assault  Breaker  TGSM  drop  tests. 


HITL  Simulation  Results 

Figure  12  is  a  top  level  block  diagram  of  our  example  TGSM  guidance  and  control  loop.  Initial  HITL  testing  of  the 
integrated  TGSM  utilizes  the  entire  missile  to  examine  the  stability  of  the  autopilot  attitude  control  loop,  iirst  for  the 
"attitude  hold"  mode  used  during  segment  "A"  and  finally  lor  the  terminal  homing  mode  during  segment  "D".  Figure  13  is 
n  time  plot  ol  the  four  tin  angles  from  launch  to  ground  impact  as  well  as  the  six  discretes  used  to  sequence  TGSM 
events  or  record  subsystem  status.  A  study  of  the  discretes  shows  that  the  tun  is  initiated  with  the  "start  gyro"  discrete, 
followed  by  the  "launch"  discrete  which  activates  the  TGSM  digital  autopilot  program.  These  first  two  discretes  are 
input  through  the  TGSM  umbilical  cable  and  would  ue  generated  by  the  launch  control  system  on  the  helicopter.  The 
"launch"  discrete  would  activate  the  launch  mechanism. 

The  stored  program  allows  a  short  time  for  the  TGSM  to  clear  the  launcher  before  firing  the  squib  which  punctures 
the  "actuator  gas"  hottle  and  activates  the  control  system.  For  HITL  testing,  this  discrete  supplies  actuator  gas  through 
an  external  port  into  the  tin  actuator  system.  However,  a  limited  number  of  HITL  tests  were  performed  with  "live" 
gas  bottle  squibs  thus  using  the  on-board  actuator  gas  supply. 

The  "seeker  search*’  discrete  is  delayed  to  permit  u  buildup  of  vertical  velocity  and  dynamic  pressure  sufficient  lor 
the  required  maneuverability.  A  two  stage  "seeker  lockon"  is  used  to  ensure  solid  target  tracking  prior  to  closing  the 
guidance  loops.  A  drop  out  of  the  "seeker  lockon"  discrete  just  prior  to  the  "end  ol  the  run"  syndics  that  the  seeker  Jo^i 
trao  on  the  target  just  prior  to  ground  impact.  This  "break  lock"  condition  near  impact  is  not  uncommon  as  the  angle 
s  'blended  by  tin*  target  expands  exponentially  near  impact  Fxarnining  "miss  distance"  sensitivity  to  the  range  where 
"break  lock1’  occur*'  r.  an  example  ol  me  kind  of  trade  studies  pci  nutted  with  the  HITL  simulation. 

f:»i  uct.vity  lor  the  run  depicted  or.  Figure  13  was  relatively  well  behaved.  During  tlu-  initial  flight  with  low  dy¬ 
namic  pressure,  larger  tin  angles  were  required  to  maintain  attitude  control.  As  dynamic  pressure  bull’  up,  this  (in  angle 
activity  rodm  c*d  in  magnitude  until  the  "lock -on"  transient  when  the  guidance  loop-  were  closed.  Once  this  transient  was 
passed.  fiti  activity  again  settled  down,  but  not  to  js  low  a  value  even  though  dynamic;  pressure  continued  to  rise.  This  is 
due  to  the  "angle  rate  Hacking  noise"  on  the  guidance  signals  from  the  seeker.  The  somewhat  larger  angles  on  fur -l  and 
l'm.4  just  pr.or  to  u.iimcI  implies  a  combination  "pitch-yaw"  maneuver  since  tin*  missile  is  roll  stabilized  to  a  "0"  roll 
uug.«*  win*,  i:  bisei  ts  the  angie  between  the  <  oniroi  1ms. 

Figure  N  is  a  time  ploi  ol  the  three  rate  gyro  outputs  which  register  the  attitude  rates  resulting  Irom  the  fin  angle 
h»sl.»iy  shown  on  Figure  I  3.  The  rates  follow'  a  similar  pattern  to  th.it  exhibited  by  t ho  fin  angles  except  for  the  roll 
axis  Here  doc  to  the  lew  moment  of  inertia,  even  small  fin  angles  produce  significant  roll  rate  activity.  Ol  equal  or 
greater  concern  would  be  any  large  roll  rate  transients  that  might  occur  at  launch  when  the  low  dynamic  pressure  results 
in  i:  mimul  control  authority.  This  concern  requires  that  close  attention  be  paid  to  the  design  ol  the  launch  mechan.^rn 
on  tire  carnc.  helicopter  as  well  as  the  proposed  tar  tir  al  carriei  veh.cle. 

The  nidjtM  portion  of  HITL  testing  to  evaluate*  attitude  control  loop  stability  can  be  performed  without  the  target 
seeker  hardware.  This  can  bf  accomplished  with  either  "shorted"  seeker  inputs  or  a  noise  generator  input  to  simulate 
seeker  noise  effects.  However,  to  evaluate  horning  performance  or  TGSM  impact  accuracy  requires  first  the  seeker 
hardware  for  extensive  open-loop  testing,  second  a  validated  real-time  software  simulation  fur  all  TGSM  subsystems  but 
the  seeker,  and  third,  the  entire  integrated  TGSM  vehicle  for  final  flight  certification  to  achieve  a  desired  impact 
accuracy  or  ’miss  distance". 

Ihc  open-loop  seeker  tests  arc  designed  to  determine  or  verily  the  seckerr  transfer  function.  The  parameters  of 
interest  ore  the  frequency  response  and  tracking  limits,  the  linearity  or  stability  of  the  scale  factors  for  the  guidance 
signals,  the  bias  and  angle  rate  tracking  noise  on  these  signals,  the  sensitivity  of  these  signals  to  temperature,  TGSM 
..ttitude  rate  or  acceleration,  cross-coupling  between  seeker  output  signals  for  the  two  axis,  and  seeker  blind  range  and 
its  variation  with  the  environment  or  target/backgrojnd  combination.  HITL  testing  provides  only  limited  data  on  blind 
range  variations  v-r  output  signal  sensitivity  to  temperature  o  acceleration.  However,  it  does  permit  an  evaluation  of 
the  "miss  distance"  results  from  such  variations. 

Well  designed  seekers  generally  satisfy  most  of  the  homing  requirements  which  are  normally  identified  in  the  subsys¬ 
tem  or  interface  spccif.'catnn.  Exceptions  to  this  are  the  angle  rate  tracking  noise  and  both  cross-coupling  and  attitude 
i alv  wi  r.ioLvii  coupling  into  the  guidance  signals.  Thu  latter  parameter  tends  to  he  well-controlled  for  spinning  dish  or 
stabilized  platform  seekers,  hut  can  be  large  for  body  referenced  or  slrapdown  seekers. 

High  <  ross-coijpiing  values  are  often  measured  during  initial  seeker  testing.  Normally  the  HITL  simulation  facilities 
permit  an  accurate  u  e  •surement  of  tins  coupling  which  can  usually  he  reduced  bv  compensation. 

Angle  rjte  tracking  ioise  is  generally  t Mo  defining  parameter  whn  h  limits  the  achievable  TGSM  homing  perform- 
.ir.'-i-’.  Figure  I';  r.  a  measured  sample  of  angle  rate  tr.u  king  noise  plotted  as  a  pov.-or  spectral  density.  These  curves 
c  las*  iy  parainl  the  seeker  frequent  >  response  and  show  a  sharp  cut-off  m  the  region  Of  lb  to  20  hertz.  Utilization  of 
these  ign.i!  fur  1  GSM  guidance  would  further  limit  the  pass  band  by  adjusting  the  guidar/e  filter  downward  until  a 
furliim  decrease  increased  the  miss  distance. 

Such  a  gurlui.ee  filter  optimization  is  carried  out  using  the  seeker  hardware  end  the  validated  real-time  software 
simulation  for  tie'  remaining  TGSM  subsystems.  These  "closed  loop"  seeker  tests  examine  the  extremes  of  maneuverabil¬ 
ity  requirements  resulting  from  both  large  target  off-set  angles  anti  minimum  acquisition  range  or  horning  time.  The 
resulting  rombu  ation  ol  guidance  gam  and  filter  response  is  designed  to  provide  an  acceptable  miss  distance  for  the 
aggregate  ol  conditions  and  uncertainties  in  the  test  or  tactical  mission. 
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FLIGHT  CERTIFICATION 

Optimization  oi  the  guidance  and  control  parameters  during  the  HITL  closed-loop  seeker  tests  is  followed  by  flight 
certification  testing  utilizing  the  entire  integrated  TGSM  vehicle.  Figures  16,  17,  18  and  19  are  examples  of  such  flight 
certification  data.  Figure  16  is  a  time  plot  of  both  the  computed  pitch  line-of-sight  (LOS)  rate  (Q  LOS)  and  the  measured 
pitch  LOS  rate  (  6  e  )  from  the  seeker,  Also  shown  are  the  total  angle-of-attack  (oi)  and  the  resulting  pitch  plane  velocity 
(  i  ).  Figure  17  presents  the  computed  yaw  LOS  rate  (RLOS)  and  the  measured  yaw  LOS  rate  (  0  *,  )  from  the  seeker.  The 
yaw  plane  velocity  (y)  resolved  lrom  the  total  angie-of-attack  (  a)  is  also  plotted  on  Figure  17.  Figure  18  is  a  time  plot 
of  the  Equivalent  Yaw  Fin  Angle  (  6y),  the  resulting  yaw  attitude  rate  ( Y  ),  the  integrated  yaw  attitude  angle  ( 4> ),  and 
the  Equivalent  Roll  Fin  Angle  (6«).  Figure  19  presents  time  plots  lor  the  resulting  roll  rate  (P),  the  Integrated  roll 
angle  ( ♦  ),  and  the  pitch  (8  table;  and  yaw  (i^i  table)  gimbai  angles  lrom  the  three  axis  flight  table  where  the  TGSM  is 
mounted. 

An  examination  of  these  HITL  simulation  data  plots  shows  similar  behavior  to  the  fin  angle  and  rate  gyro  data 
presented  on  Figures  13  and  19.  The  computed  roll  rate  (P)  is  a  close  match  to  the  measured  gyro  roll  rate.  The  meas¬ 
ured  gyro  yaw  ratt  and  the  computed  yaw  rate  (r)  are  also  closely  matched,  including  the  lock-on  transient  which  origi¬ 
nates  on  the  seeker  yaw  LOS  rate  signal  (  6  *  )  shown  on  Figure  17.  While  the  computed  signals  "RLOS"  and  "QLOS"  are 
n  ot  used  in  this  simulation  mode,  they  do  provide  an  indication  of  proper  seeker  operation.  A  comparison  between  the 
computed  and  measured  LOS  rate  signals  also  shows  the  significant  modulation  resulting  from  the  angle  rate  tracking 
noise  as  shown  on  Figure  15.  While  this  nnise  is  producing  rather  large  roll  rate  oscillations,  it  is  no  more  than  15% 
of  maximum  rate,  and  the  resulting  m,ss  distance  is  acceptable.  Reducing  either  the  autopilot  or  guidance  gain  would 
reduce  the  roll  oscillations,  but  would  increase  the  miss  distance.  Increasing  the  gains  might  reduce  the  miss  distance 
but  the  roll  oscillations  would  increase  and  further  reduce  the  roll  loop  stability  margins.  This  would  increase  the 
risk  that  a  combination  ot  vehicle  parameter  uncertainties,  operating  conditions,  and  a  noise  spike  on  the  LOS  rate 
signal  could  drive  the  roll  loop  into  instability  and  loss  of  control  thus  greatly  greatly  increasing  the  miss  distance. 


CONCLUSIONS 

The  use  of  real  time  HITL  simulations  for  development  and  llight  certification  testing  of  TGSM  vehicles  provides  a 
versatile  tool  for  evaluating  both  the  subsystem  components  as  well  as  thr  integrated  vehicle. 


Figure  1.  Terminally  Guided  Submissile  Carriers 
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Figure  5  Millimetre  Wave  Test  Facility 


Figure  6.  14  r>an-  72  Simulation  Computer  Complex 
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Figure  7.  Hardware-in-ttie-Loop  Simulation  for  Testing  infrared 
Seeker-Guided  TGSM's 
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Figure  8  Hardvsare-in-tFe-Loop  Simuhtion  for  Testing  MMW 
Sepker-Guided  TGSM's 
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Figure  W.  Millimetre-Wave  and  IR  Target  Simulator  Facilities  ICa/tabilitias  and  Constraints I 


Figure  11.  TCSM  Configuration 


Figure  12.  Tetminally  Guided  Submissile  Guidance  and  Control  Loop 


Figure  13.  Her dwarein-the- Loop  Test  Data 
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figure  //  Hardware-m-the-Loop  Test  Data 
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figure  18.  Hardware- in- the- Loop  Test  Data 
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ABSTRACT 


In  the  development  <>:  i  ail  I  ime  lor  vvaw  i  M  MW  ]  seekers  for  (aolio.il  weapons  applications, 
a  high  I Klo'l 1 1 >  simulation  ol  tile  seeker,  tin-  targets.  .n-il  the  olutlor  background  van  preally 
j.icilitatc  hardwaic  dcvlopment  .uul  via  help  to  pndict  res. ills  from  seeker  lliclil  tests.  In 
order  to  v.c‘. clop  tins  1 1 1 i  1  ulelity  - ; : : .  i :  1 .  1 1 1  e:i,  much  in  I  orin.it  ion  on  the  n  p  n .  ot  the  ei  at  lei 
background  must  he  obtained  to  cnsviic  .  v.ihd  snmil.it ion.  I  lie  purpose  ol  this  paper  o  to 
discuss  the  way  in  wlneli  the  elutter  background  is  being  modeled  in  the  MMW  seeker 
siiiiii i.i t Km  e uriei illy  unde i  vL  velvipiUs i it  o .  Sy  steins  (  v> i '•  t i\ii.  Ills,  t SC  I )  ri lisle i  voiili.ist  ;v'  the 
Air  Force  Armament  Laboratory  t  Al'.Al  L )  .uul  te'  discuss  tile  elutter  ine.isiirenienl  il.ita 
wbieh  aie  revp.ire.l  in  onlcr  to  validate  tliese  .Litter  nio-.lels. 

In  the  Jultci  modeling  pro.  ess.  an  eti'pn  tea!  apptviael:  is  use-1  in  which  dclcrmmist-.c 
map  Jala  are  used  a>  estal'l.sll  homogeneous  lerr.nr,  subareas  l  liese  subareas  are  then 
repiesenteil.  statistically,  with  a  spatial  distribution  lor  the  median  elutter  backseat  ter  Irotn 
each  e-ell  and  a  t.nnpotal  disti il'-.ition  kn  tin-  scintillation  mound  this  m  mil  in  In  addition, 
spatial  eorrel.itlc  i  is  applied  t •  -■  llte  medi.in  i'aekseatter  lor  adjacent  cells,  lo  validate  these 
clutt-ci  models,  tin-  pitman  mettivni  is  to  use  the  statistics  wlneli  are  derived  Hum  measure¬ 
ment  rial  a  ovei  variety  ol  dd  tel  ent  ten  am  ty  pes  lo  vei  it  y  tin-  st.it  istivs  in  l  lie  elutter  model . 

An  alternate  method  is  lo  compare  the  actual  seeker  output  l-om  Flight  tests  ovet  a  specific 
test  siiv-  to  ilie  output  o!  a  siinulalit'ii  ol  tins  same  test  Hip'll  The  tei|uirenient  lor  valivlated 
clutter  models  has  loo!  to  the  establishment  ot  an  extensive  elutter  measurements  piopr.u:',  i>\ 

VI  A  I  I  I  he  r.vp.ii'emen's  lor  this  measurements  program  have  been  established  based  on  the 
elutter  parameters  winch  mu-!  he  validated  and  prop  led  111.  hi  conligm  ''.huts  ol  tactical 
seekeis  which  are  currently  liiijt  i  development. 

1.0  INTRODUCTION 

I  lie  Soviet  military  tlue.it  m  I. astern  L.irope  levpiires  Uul  \  \  |U  loroCs  no  prepared  tor  armed  eonlliel  jt  any  time 
ot  I  he  u.iy  o i  mpitl  uiiruip  all  seasons  ol  the  y  var  1  lie  cm  '.romneiit.il  conditions  wlneli  exist  lor  lenpt liy  periods  Ol  time 
in  that  area  ol  the  woild  make  it  hii'iiiy  vlv  urc.ihlc  that  weapon  systems  possess  ail  wise  weather  capabilities.  Current 
!. id. ir  pm-. led  weapon,  have  tin-  desire. I  adverse  weather  eiiar.ieteiisties.  i.:n  do  not  have  the  uccur.icv  reipnred  lor  laetieal 
we  -  pens  l...sei  .m'i.I  ol  I;  el  op  l  leal  gum  a  me  seekers  b.ivv  oxoellent  i.  solution  a  ml  aeeur  J-ey  .  but  exhibit  poor  ad  v  cl  s-. 
we  " he i  ed.ir.ielvrisi res  I )m  mg  t eeenl  y  eais  improving  r.-so1  iition  ami  aeem .ley  lor  •  jet  ii al  vi capons  under  adverse 
.'cal  her  ..oihI  it  urns  li.iv  e  res  oiled  m  sip  ml  leant  interest  in  the  development  ol  Millimeter  Wave  i  M  MW  )  terminally  pilule d 
seekers  lor  use  against  armored  targets.  I  hese  very  Inpii  radio  Ire.pieney  systems  have  potent. al  lor  unproved  resolution 
with  reduced  si/e  and  .veiptit  relative  to  rular  seekers  presently  m  the  op  rational  inventory,  while  injiniaining  excellent 
auver.-.  wealliei  p.-n.-t rability  not  lomul  ill  ■  plica!  systems 

I  ■-  --ipport  the  development  o!  M  MW.  air-lo -snr  i.iee  vv  v  a  pons,  i  in-  \:i  I  on  -  Al  in  aim:.!  I  aiioi  atory  i Al  Al  I  I  lias 
sponson  .1  i  pi  op  i  i  m  with  Systems  t  'out  rol .  I  m  ol  I ’.do  Aito.  (  a  to  uevi.ip  a  detailed  vie  teal  ion  siiiiul.il  ion  ol  M  MW 
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|  sLvkors,  litrpotN.  a  ml  background  duller.  Tins  simulation  allows  the  weapon  system  designer  the  flexibility  to  investigate 

|  -  eurrent  and  ITiture  MMW  sensor  and  signal  processing  techniques  without  the  expense  ol  a  hardware  development  and  test 

*  program. 

:  It  is  reeogni/cd .  however,  that  any  simulation  is  limited  by  the  degree  to  which  it  can  he  validated  with  experimental 

i  or  flight  test  data  Tile  purpose  ol  this  paper  is  to  describe  the  MM'V  seeker  models,  the  data  which  is  being  used  to 

validate  these  models,  and  the  validation  results  which  have  been  obtained  to  date.  The  primary  data  source  lor  vulida- 
.  tion  ol  target  and  background  models  is  radar  terrain  signature  measurements.  AFATL  is  presently  planning  an  extensive 

!  MMW  signature  measurement  program  to  obtain  the  necessary  data  to  complete  the  modeling  activity.  In  general,  the 

measurement  iniiununily  has  been  criticised  tor  collecting  ilala  that  is  of  little  or  no  use  to  the  user  (modeling) 
community.  To  ensu.e  tiiat  the  required  types,  quantity,  and  quality  of  measurement  data  are  collected  to  suppotl  the 
modeling  task,  modeling  personnel  have  been  integrated  into  the  signature  measurement  programs.  These  personnel  have 
provided  inputs  ranging  from  s-’-  selection  to  data  calibration,  as  well  as  the  data  icuucliOil  and  cataloging  ol  signature 
measurements  The  Signature  eastirement  program  will  be  discussed  in  a  liter  section 

The  detection  simulation  under  development  is  partitioned  into  three  major  models:  Terrain.  Seeker  Data  Stream, 

5  ami  Seeker  Processing  Models.  The  Terrain  Model  allows  the  construction  ol  a  seeker-independent  clutter  map  consisting 

ol  l  ei  ram  i  v  pcs  ol  v  a 1 1.  >us  shapes  I  lie  map  is  do  nlcd  into  ics-  'lot  io:i  cells  <  pixels)  cor  responding  to  t  lie  highest  resolut  u  n 
that  any  ol  t lie  seekers  in  ih-  evaluated  can  achieve  Tor  each  pixel,  i.imlom  clultci  is  generated  Iron:  the  ilisli ihution 
i  ass:  is  rated  with  the  let  lam  ty  pe  to  vv  Inch  l  he  pixel  belongs  I  aivls  and  lalsc  targets  can  be  strategic  illy  placed  on  the 

(  map.  The  Seeker  Data  Stream  Mod  I  Piters  (he  tenant  eluttc  map  to  ach  eve  the  seeker  resolution  ol  interest .  I  he 

trajectory  i-  spvcdicd  :um  the  me.s'.le  and  s-eket  are  set  into  motion  civet  the  map.  As  the  seeker  sweeps  back  aild  lurtli 
o.  ci  Ihc  lei  tain  map.  a  simulated  c.'a  sin  a  is  ge  Delated  eimil.it  mg  tile  seeker  delee  tor  output .  I  tie  Seeker  Ttoeessmg 
Model  lilt  eis  a:  :  lines':.  Ids  the  dc'.x  to  I  .  ul  put  In  mi  the  Seekei  Data  St  team  Model  in  a  mail  in;  r  e.  nsi  -tcid  w  it  1 1  the 
logic  cmpl  »y  e.i  by  (lie  seeker  tvnig  Miuulalvd.  Whenever  lie*  processed  data  sutisiicsull  the  seekei  large'  writ  uia  a  detev- 
t  ion  is  di  laictl  III  hen  vie  ter  n  mix  vv  ii  is  h  del  eel  ions  .uc  targets  ami  which  are  la  Is-,  alarms  and  keeps  track  throughout 
I  i  i  v  simulated  I  hell  t 
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lii  order  to  simulate  the  detection  of  hard  t.uecis  i such  us  laid  s)  in  a  duller  background  hy  a  Millimctcr-Wave 
(MMW  Wvkcr.  ai.  accurate  representation  ol  that  duller  haekurouiui  is  required  Tilt  main  thrust  ol  tins  papci  i>.» 
description  of  the  approach  which  was  taken  in  mtulchiiu  the  clutter* .  with  a  clear  delinihon  of  the  assumptions 
niaile.  ami  a  iliseussion  o!  the  work  accomplished  In  validate  these  assumptions. 

l.\  Terrain  Modeling  Approach 

The  technujues  fur  representing  clutter  m  a  MMW  seeker  detection  simulation  can  he  divided  into  three  basic 
approaches 

Deterministic  clutter  maps! real  dj»a) 

I  inpiiii.il  clutter  maps  (real  terrain  features  with  statistical  subareas) 

Statistical  clultci  maps. 

Ihc  deterministic  clutter  maps,  since  t!»e\  arc  real  ilala.  provide  the  Inchest  luielil)  source  ol  input  to  the  MMW  seeker 
ilv  t*.\ti-'h  "imnl.it n -.-I  Because  these  models  are  actual  data  the)  provide  an  excellent  baseline  to  compare  seeker  svstem 
pel  t  >  iriM.i'u  e.  «>i  provide. i  validation  tool  lor  the  more  IlcxiMv*  statistical  models.  However,  these  maps  impose  the 
lnml.il  ion  lii.il  the  meeker  simiilat i«*n  nmsl  k1  run  at  The  same  parameters  (such  js  depression  jnule  railpe.  and  liipiit  path) 
,ix|!i«iv:  bn  \\ I i : v ! ■  tiic  >i filial  clnitei  tial.i  were  hikcn  Ilus  limits  the  amount  ol  parametric  performance  studies  which 
i  .in  I  x  d *  i : ic . 


lb.  amjui  seal  ci  utter  map  «s  one  is>  w  incji  real  lei  i  a:  is  edee  I  eat  sires  such  as  I  tee  lines,  small  patches  ol  wonils.  roads, 
cl-  a  i  c  1 1 1 1  ulclci!  ile  lei  i:ijiii\t  n  ills  t  n  .<!  dal  a  »,  a  ml  1 1;  -  h.ll  ei  vv  1 1 i  a  :i  the  m.uoi  suhaicas  is  represented  slat  isl  icaiiv  An 
c  \  a*'i  |  d  i  » 1  ,!n  c  in  p  n  i  .■!  chiller  m.i  p  is  ihc  laird  t  ai  pel  sit  1 1  ne  m  a  pi  .iss\  held  i  ic  si  to  a  lake  i  I  ml  )  Ihc  ad  v  a  n  t  aiv  In  this 
1  \  I  ■ .  ■  ol  :r.«  <d.!  i"  Tii.il  |  Mi  a  ■  in'  t !  k  sii,ail;:i  ion  1 1 1 1 1  ^  i.  a  e.oilv  iv  m.ixle.  and  tl.c  lesulls  can  h.-  \  a  I  idated  wit  li  leal  d.n  An 
•  \  1 1 1 1 ; •  i  'I  Nos  is  s 1 1 ■  ■•.*. i >  hi  Sw  Iid  i  ' 

I  lie  si  a!  is*,  u  ai  c  l,..l!c»  iaaj-x  aid  l  .'ic  x.i:ai  as  t  he  c:ii|m  .si  i  h:  Pei  maps  c\c  cpl  I  •  i . 1 1  I  i ic  I  ci  i  a  i  n  sui\i  r ea  edpe  I  cat'll  cs 
.ii .  i  ■  •  1 .  1 1  ■  •  eeii1.  i.ib!  "hi!  isl  k  alls  Ibis  ( hm-pic  hi  >  ( j:v-  at  I  \  anta.v  *  *  I  be  me  easii  i  1 1  •  pt  o-.iui  e  mi  I  iic  i.  mo  jmlei  .  how  cv  vi . 
it  c.i'i.'io!  he  \ alitl.i Icii  .hMiiist  actual  data  Iron:  a  spccilic  Ic1  ram  area  Also,  siiniii.it ion  ol  seekei  perlorm.iiicc  a*'  nnsl 
spi-xihc  i.'ii.iiii  tlisociliiiiiiiic"  x'f.a  a-  !i  '.  lei  *s  {  pci ;vndi- olar  < '■  parallel  h »  l he  i hphl  paiiiloi  roads,  is  not  leasiblc  I  Ik* 
b  it  a  I  "la  I  is!  i,  ai  ;-n  »i  ■■  x"  ivstill  •  ji;  e|\  ?.nid.  h:  mi  ad  1 1  ;•  •*.  red  •  epl  C"C:ihi  l  ice  c  >  I  Ibe  a-  t  nal  lea  I  ores. 

2.1  <  Inller  Sun. lies 

hi  tiic  S| V| s  -  !  s  - 1.-1  eel n *ii  Miimbih*  :  cicinn  !  c."li«*-  -n  cinpiiu.il  i  ii.no  vl-Uiei  in.ip  is  used  .i"  im.  input. 
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[■'or  tins  type  of  model,  the  assumption  is  made  that  each  subarea  can  be  generated  independently,  with  the  statistics 
representative  of  the  type  of  terrain  being  modeled.  bach  subarea  is  assumed  to  be  homogeneous;  that  is,  the  statistics 
within  a  subarea  are  the  same  for  tile  enlii .  subarea. 

I  lie  clutter  map  is  generated  as  an  array  of  clutter  resolution  elements  (pixels)  The  radar  backseatter  coefficient  for 
each  pixel  m  a  subarea  is  assumed  to  be  a  random  sample  from  a  Rayleigh  distribution,  representing  the  temporal 
lluetualion  (scintillation)  01  each  clutter  resolution  cell.  The  mean  backseatter  coefficient  for  each  pixel  is,  in  turn, 
assumed  to  be  a  random  sample  from  a  log-normal  distribution,  represent  ing  the  spatial  fluctuation  of  the  average  clutter 
level  within  a  given  homogeneous  area.  In  addition,  it  is  assumed  that  the  spatial  clutter  statistics  are  not  independent 
Irom  pi\c!  to  pixel,  that  is,  the  mean  backseatter  coefficient  for  adjacent  pixels  is  correlated.  Tills  spatial  correlation  is 
assumed  to  have  the  form  of  a  I /f  spatial  power  spectrum. 

based  on  these  assumptions,  which  are  obtained  from  early  clutter  signature  measurements  programs2,  the  clutter 
map  can  be  generated,  oil  a  suhjrea-by-subarca  basis,  as  shown  m  Figure  2  l-acii  of  the  filtered.  Gaussian  clutter  samples, 
represented  hy  the  density  function 

I’tX)  -  ( I  \/-tro I  exp  (X2/2o2) 

.ire  then  tr.inslormed  by  the  expression 

v  =  IUX-'10 

to  produce,  log-normally  distiihuteil  clutter  which  is  characterized  In  the  density  function 

l’(  y  1  10  log  (e  IT y v Tsio )  exp  (  1  10  log  ( y )  -  g  I2/ 2 a 2 )  . 

Mils  non-linear  transformation  causes  some  distortion  ol  the  I  I  spatial  power  spectrum,  however,  il  has  been  shown3, 
to  a  first  approximation,  that  lliis  distortion  is  negligible 

Foi  each  o!  the  spatial  duller  samples  -n  the  clutter  map.  a  temporal  fluctuation.  oi  scintillation,  must  he 
introduced.  I  m  a  narrow-hand  Irausinil  wjveloim  Hus  llncutalion  is  eha,ac(eri/ed  hy  a  Rayleigh  density  I  unci  ion  given 
hy 


l’(X)  -  (  X,rr2 1  exp  ( -  X2  '2c/:  I 

wl.eie  n  is  determined  hy  (lie  sample  irom  the  log-normal  distribution  discussed  above. 

Foi  those  seeker  ,  in  which  a  wideband  transmit  wavclornt  is  processed  non-eolierently  to  reduce  the  amount  of 
scintillation,  the  assumption  is  made  that  the  temporal  statistics  arc  the  average  ol  a  number  of  Rayleigh  random  variables. 
Using  the  central  limit  theoiein.  it  van  he  shown  that  lliis  statistic  can  he  appioxiinated  with  a  Gaussian  random  variable 
with  the  appropi iate  mean  haekse.ittei  cool  llcienl  and  with  the  variance  reduced  by  the  number  of  degrees  of  freedom  in 
III.-  )iei|iiency  averaging  w.ivelorm 


3.0  CUT li  lt  MODI  L  VALIDATION 

Although  the  .issuiiipliii'i,  desenheil  in  Section  2.  concerning  the  MMW  clutter  backseatter  statistics,  ate  based  on 
previous  measure  i  lie  ills,  only  recently  has  any  at  tempi  been  made  to  validate  these  assumptions  using  data  at  MMW 
lret|liei'.'iesJ.  t  prieiilly  lliis  validation  is  being  perlomied  Using  two  dill,  rent  approaches  One  ol  these  is  to  directly 
esl  mi. lie  the  appropriate  statistics  ol  clutter  backseatter  from  MMW  backseatter  data  taken  by  L'  oln  L  aluiratory  at 
!  i)  t  il  I/,  in  an  carlici  pi. (grain3.  Flic  oilier  v alid.it ion  approach  is  to  compare  the  output  ol  a  seek . .  simulation,  Down 
against  a  spcul  ic  t.ngcl  area .  to  I  lie  output  ol  an  actual  seeker  from  a  captive  High  l  lest .  I  lie  results  ol  these  two 
approaches  are  discussed  in  Sections  .'.1  and  3.2,  respectively. 

3  1  Model  Validation  with  16  (<11/  Clutter  Ifaeksenlter  Data 

llu  data  besciil’ed  in  this  sc,  lion  ol  the  p.ipei  were  gathered  over  the  Stnekl  iiilge  test  site  Hear  Rome,  NV.  lliis 
site  vv.is  ■.  on)  igin,  d  as  shown  in  t  lie  map  ol  I  ip  ore  3,  with  the  wooded  a  leas  represented  hy  the  cross- hatched  ale. is.  and 
lilenlihald,  point  targets  icpr.-scnlcd  with  a  number 

I  lie  data  were  galli  -u-d  wit li  a  I6GII/  radar  operated  by  Lincoln  Laboratory.  This  is  a  pulsed  radar  with  a  lailge 
r  eso  I  -ul  i, -il  (using  pulse  eompiession  1  ol  X  .63  M  and  a  I’RI  ol  4  KID  ( ly  picul!  y  I.  I  lie  total  pnlse-ti, -pulse  agile  hand  width 
ol  (lie  radar  is  SOI}  Ml  1/  covered  ul  32  steps  I'lie  ant  -1111:1  produces  a  Ian  beam  which  Is  cicctiomcully  steered  in  az  lit)  lit  11 . 
with  ,1  il. .'3  degree  a/unulli  bc.nnvv  nil  n  and  a  2o  degree  elevation  hcaniwultli. 

I  iie  data  .ire  ealhered  by  11 y  mg  the  i.nlai  .il  an  altitude  ol  531)  meters  and  rapidly  sweeping  the  beam,  in  a/iinulb. 
across  those  areas  to  Li  1  napped  I  lie  lesull  mg  video  signal  is  1 1  leu  sampled  ever,  1 U  inetcl  s  ill  range  and  eveiy 


0.25  degree  in  azimuth  to  produce  clutter  maps  in  the  format  shown  in  Figure  4  Tins  is  a  map  of  clutter  reflectivity,  7  , 
-which  is  the  clutter  backscatter  coefficient  divided  by  the  sine  of  the  depression  angle  (o0,sin  #) .  The  reflectivity 
values  for  these  maps  have  been  averaged  over  the  32  frequency  samples,  and  the  high  RCS  values  arc  shown  as  the  dark 
areas  oil  the  map.  The  depression  angle  lor  these  scenes  range  from  2  I  degrees  at  the  long  ranges,  to  50  degrees  at  the 
short  ranges. 

Amplitude  statistics  of  the  radar  reflectivity,  7  ,  have  been  computed  for  several  different  subsets  of  these  clutter 
maps.  At  this  time,  only  the  spatial  statistics  have  been  estimated;  that  is,  the  reflectivity  In  dll  from  each  pixel  lias  been 
averaged  over  all  32  frequencies  to  obtain  an  estimate  of  the  mean  reflectivity  for  that  cell.  Then  the  cumulative  distribu¬ 
tions  have  been  computed  lor  these  mean  reflectivities.  The  cumulative  density  function  for  this  average  for  different 
pixels  is  then  plotted  an  Gaussian  probability  paper  as  a  function  of  7  in  dll.  Fxamples  of  these  distribution  functions 
are  shown  in  Figuies  5  and  6,  lor  woods  and  grass  respectively.  With  the  assumption  that  much  of  the  clutter  fluctuations 
due  to  independent  frequency  samples  have  been  removed  with  the  averaging  process,  these  curves  then  represent  the 
spatial  clutter  statistics.  T  lie  reason  loi  plotting  the  cumulative  density  function  on  Gaussian  paper  is  to  determine  the 
qualitative  goodness  ol  lit  to  a  log-normal  distnbulion,  represented  by  a  straight  line  on  these  plots.  The  median  7  tin 
dll),  m  .  and  the  standard  deviation  of  the  tog  7  values  (in  dll),  o  ,  for  these  areas  are  shown  uu  the  curves. 

from  tiie  plots  n|  I  IK  cumulative  ilciisil  \  I  million.  ( I  igurcs  5  and  ol  il  can  be  seen  that  most  ol  the  data  appears  to 
lit  .1  log-normal  distribution,  loi  some  ol  the  data  analyzed.  the  liich  end  ol  the  curve  lindens  out.  It  is  unclear  at  tins 
point  vs  Its.  but  this  died  might  be  .ittnlniled  to  ,1  lew  large  scatlercrs.  or  "pviiiil  laigcls".  vvithm  the  supposedly 
homogeneous  area  winch  was  chosen  lor  analysis  Follow-on  analysis  using  controlled  terrain  areas  will  he  conducted  to 
resolve  this  issue.  Also,  a  reduction  in  the  slope  01  the  low  end  ol  some  ol  the  curves,  as  shown  in  Figure  <>,  is  typical  ol 
sensor  noise  I'llecls  being  l he  pieiloiiiiu.ini  factor .  however,  approximate  calculations  <>!  expecleu  sienjl-to-nolse  ratio 
iSN  It )  lor  I  his  sensor  iml  icates  t  I1.1t  il  should  not  be  m  use  him  led  loi  l  lie  v  aloes  ol  hack  si  utter  cocl  fieient  show  n  on  these 
curves.  I'orliin.ilely .  the  low  end  ol  the  curves  is  not  ol  great  inkiest  to  chiller  modeling  lor  largcl-iii-chuier  systems 
because  it  is  only  the  largest  clutter  values  that  tend  to  be  detected  as  false  targets 

Work  winch  remains  to  lie  done  is  to  calculate  a  quantitative  “goodness-ol-lil”  of  the  dala  to  the  log-normal  distribu¬ 
tion  as  well  as  others,  such  as  the  Weihull  distribution.  Also,  the  frequency  scintillation  statistics  about  the  frequency 
mean  can  be  estimated,  by  loiuiliig  histograms  lor  tile  52  dequeues  samples  lor  each  pixel,  and  then  averaging  hislogrami 
over  a  number  ol  pixels  in  a  given  homogeneous  area 

In  addition  lu  computing  the  amplitude  statistics  of  the  clutter,  the  spatial  correlation  of  the  clutter  was  estimated 
by  computing  the  spatial  power  spectrum  ol  the  reflectivity  (  ).  Frequency  averaging  was  performed  to  remove  as  much 
scinlill  'don  as  possible.  Kelleclivily  .  not  log-icflcctivily .  was  Used  in  tins  analysis,  and,  for  simplicity,  the  overall  mean 
spatial  reflectivity  was  subtracted  from  the  mean  reflectivity  for  each  clutter  cell  before  the  spectrum  was  computed 

F.xamplcs  of  the  spatial  power  spectrum  lor  the  wooded  subarea  whose  statistics  are  shown  in  Figure  5  are  shown  in 
Figures  7  and  8.  Ilicsc  are  the  azimuth  and  range  "slices",  respectively,  from  the  two-dimensional  spatial  power  spectrum 
of  the  clutter  Alsu  shown  on  these  curves  arc  plots  ol  the  I .  I  spectrum  which  was  assumed  for  the  clutter  models 
described  in  Section  2  It  can  be  seen  that  for  the  a/.iinuth  slice,  this  :s  a  good  assumption;  while,  for  the  range  slice,  il  is 
not  For  this  reason,  more  work  remains  lo  he  done  in  val'dating  the  duller  spatial  correlation  for  MMW  clutter  back¬ 
scatter.  AI  A  I  t.  is  planning  an  extensive  clutter  background  measurement  program  which  will  be  discussed  in  a  later 
section  A  mils  sis  ol  the  data  collected  during  this  program  should  allow  1  lie  con  1 11  mat  Ion  ol  these  assumptions. 

3.2  Model  Validation  wilh  MMtv  Seeker  lest  Dala 

I  In:  second  approach  to  cluiier  model  validation  which  has  been  used  on  Ibis  program  is  (o  compare  the  simulated 
seeker  output  for  .1  specific  Ivri.iin  area  lo  the  actual  seeker  output  loi  a  captive  flight  test  over  the  same  terrain  aica 
I  he  clutter  and  seeker  p.iiaiaeleis  111  the  model  were  then  varied,  parametrically,  until  the  snmilaled  and  real  data 

in. itched 

1  hie  1 1 1  the  terrain  areas  chose  a  lot  (ins  validation  process  was  .1  specific  site  on  Range  11*0  at  I  glut  A I  If,  FI.  I  Ins 
site  1 1  up  iciei  ilia  si  he  iii.d  n  alls  in  1 1  a  map  ui  I  igute  1  !  iicsc  lea  lures  ji  c  and  lit  geu-ci  ale  .m  c  mpii  ical  1  I  idler  map.  and 

!  lu-si  cliil  lei  dal::  ,i:e  pmcc-M  >1  I  in-,  mail  .1  Simula  led  seeker  lo  obtain  a  processed  output  in  .1  Inrmat  which  is  I  he  same  as 
sivkai  liieid  led  dala  I  he  .mtp.iis  ol  il:,-  model  -uni  l!u-  scekci  dala, tic  displayed  uMiie  bum  ol  linee-ilimension.i] 
el  I  it  lei  u.q-s  as  m,,w  n  m  I  eaires  U  and  I  U.  lur  I  in-  scekci  uni  Hie  model  rcspci  lively .  I  hese  ;  - 1 1  >  I  s  lepresenl  a  range- 
.1/1  r  1  mill  pi.  d  > »!  Inc  seek  ci  liu  im  -del  I  out  pi  d  Im  a  single  si.in  ul  III.-  .ink  umi  across  File  l  .1  r ..  - 1  all  1 

I  In  plot  sol  I  leu  1  e  "  and  III  .11  a  1  epieicnl.it  iv  e  ol  I  in  end  ol  1  lie  vnl  id.duui  pr,  iced  1.1  e.  all  el  1 1  vv  as  del  emu  a. -il  lli.it 
1  hit  ter  'vekseal  I  e:  cue  1 1  icivnls  n!  -  I  5  dli  .111-  in;  lor  grass  and  31)  dllsiniii  ‘  loi  the  lake  were  req  lined  lo  match  the 
01 1  (pals  vv  1 1 1 1  a  log  standard  dcvi.il  ion  o!  I  5  d  II  I  Iicsc  v  alula  1 1011  limits  are  pred  link'd  on  l  lie  assn  nipt  ion  I  hat  l  lu¬ 
ll  1 1 1 1  s'  r  a,  mil  v  1  m:v  lion  Im  1  he  varuim.  li-ir.ii'i  I  v  pcs  is  know  11.  so  I  hat  the  sl.ihsl  cs  me  m.-t  \  alula  led  in  this  pioeess  I  he 
p.u  .1  on- li-is  wit  u  i,  1 .11:  he  s.u  uni  i  and  p.u  I  i.div  v ,il lilaled )  ill  e  I  he  median  ana  iog-slamiai  d  deviation  ol  hie  dll  icienl  I  v  pcs 
ol  i  Im.  I, : .  a  ml  lie  dial  i an  iclni  mu  I  uiu  tn  ins  Ip  a.ldil  ion.  1 1  us  valid,  it  ion  pirn  ed.ue  in  Ips  |o  sc  pat  ale  I  im  seeker 
dc  pc,  mini  lei  ms  sin  ii  as  .iicmi  noise  ami  cal  ibr.il  mu  uiicerlaml  ies,  I  rum  I  lie  cluticr-dcpcildciil  el!  eels 
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4.0  BACKGROUND/TARGET  MEASUREMENT  PROGRAM 


To  provide  additional  clutter  background  data  necessary  to  complete  the  validation  of  the  MMW  terrain  models,  the 
AFATL  is  conducting  an  extensive  airborne,  MMW  radar  signature  measurement  program.  The  objective  is  to  obtain  high 
resolution,  well  calibrated  MMW  target  and  background  signature  measurement  data  which  will  support  design  and 
development  of  advanced  MMW  seekers  and  target  acquisition  algorithms;  this  will  be  accomplished,  through  the  use  of  the 
measurement  data,  to  ensure  a  thorough  undcistanding  of  targets  and  clutter  characteristics  as  they  apply  to  the  modeling 
and  analysis  task. 


4.1  Measurement  Data  Requirements 


The  requirement  is  to  coliect  enough  data  to  allow  characterization  of  clutter  background  returns.  The  major  back 
ground  types  to  be  collected  are 


-  Forest 

-  Plowed  fields 

-  Rocky  fields 
Grass 

Smooth,  terrain 

-  Rolling  tenrain 


-  Rugged  Terrain 

-  Roadsides 

-  Embankments 
Tree  lines 

-  Single  and  small  groups  of  trees 
Natural  false  targets 


The  measurement  program  calls  for  the  collection  of  200  scenes  in  which  hoinogenecs  background  areas  of  the 
required  types  can  be  found.  Those  kinds  of  false  targets  expected  in  operational  scenarios,  such  as  fences,  rai'road 
tracks,  bridges,  farm  houses  etc  ,  will  be  included.  In  addition,  measurement  data  will  be  collected  to  establish  seasonal 
and  weather  effects 


4.2  Measurement  Locations 

The  primary  thrust  of  the  MMW  seeker  development  is  an  antiarmor,  European  battlefield  scenario.  Measurement 
locations  were  chosen  to  match  European  climate  and  topographical  features.  The  program  calls  for  MMW  measurements 
at  one  site  in  the  continental  United  States  (CONUS*  and  tw'o  sites  in  Europe.  During  the  European  deployment  both 
MMW  and  Infrared  (1R)  measurements  will  be  collected  concurrently. 

The  Northeastern  United  States  has  been  identified  to  replicate  climate  and  topography  (plains,  mountains,  river 
systems,  and  vegetation,  including  soft  and  hardwood  forests  as  well  as  pastoral  and  agricultural  lands)  found  in  Europe. 
Hurt  Drum,  NY  has  been  selected  as  the  CONUS  measurement  site.  It  is  located  North  of  Watertown,  NY  in  the  North- 
easi  region  ol  the  Continental  United  Stales.  Fort  Drum  and  the  local  area  satisfy  all  the  factors  considered,  except  the 
spatial  distribution  of  background  types  found  in  East  West  European  border  areas.  However,  it  is  unlikely  that  any 
other  CONUS  site  would  be  better  in  this  regard. 

Tv  o  measurement  sites  have  been  selected  in  Europe.  One  in  the  Northeast  German  plain  end  the  other  in  the  mid 
to  Southeast  region.  Meppen  near  the  Netherlands  border  has  been  selected  as  the  Northern  Germ  n  plain  site. 

Lamisbcrg  located  approximately  50  km  from  Munich  has  been  selected  as  the  test  site  that  is  characteristic  of  the  more 
hilly  Southeastern  region  of  Germany . 

4.3  Measurement  Parameters 

The  background. target  signature  measurements  will  be  collected  using  two  active  (radar!  sensors  operating  in  the 
frequency  regions  of  55  and  94  GHz  These  radar  sensors  v/ill  he  installed  in  an  airborne  platform  (l)l|C-7A  Caribou) 

The  air<.rat’  will  he  flown  at  low  speed  along  a  race-track  course  Both  sensors  will  he  pointed  at  some  fixed  depression 
angle  out  ol  the  rejr  cargo  door  anti  simultaneous  35  GHz  and  94  (ill/,  measurements  will  he  made  The  pencil  beam 
antenna  will  he  scanned  in  azimuth  to  illuminate  a  swath  on  the  ground  which  will  be  100  meters  wide.  The  scene  is 
developed  by  bush-broom  scanning,  using  the  motion  of  the  aircraft,  to  collect  datj  along  a  2500  7500  meter  scene. 

Due  to  the  100  meter  measurement  scene  width  constraint,  soni  ■  data  will  be  collected  from  adjacent  swaths  to  provide 
data  for  mosaicing  to  form  larger  terrain  maps.  Sensor  data  and  pointing  information  will  he  digitally  recorded  as  the 
sensor  scans  the  scene,  in  addition  to  the  natural  clultci.  calibration  corner  reflectors,  bench  marks,  and  man-made 
targets  ol  interest  will  be  placed  in  the  scene  A  ground  truth  van  will  he  located  near  the  target  area  lo  collect  meteoro¬ 
logical  data 

Measurement  data  will  be  collected  at  I  2.  30  and  75  depression  angles  Expected  resolution  area  (3  dB,  two-way) 
dctcriuincu  from  radar  beam  footprint  size  (beam  limited )  for  a  constant  siant  range  is  given  in  Table  1, 

Both  radars  sequentially  transmit  linear  and  circular  polarization,  and  receive  parallel  and  cross  polarization 
I  lie  polarization  is  switched  last  enough  so  that  for  each  pass  all  polarization  information  A  available  The  35  GHz  radar 
sensor  has  a  total  bandwidth  ol  512  MHz  covered  in  lb  steps  .at  32  MHz  each  In  addition,  the  transmit  waveform  can  be 
swept  in  frequency  across  the  5  I  2  MHz  hand.  1  he  94  GHz  sensor  operates  only  in  a  wideband  noise  mode  for  cither 
hand  liimlcd  (50  MID)  or  wideband  (240  MHz)  operation.  Both  radar  sensors  opcral-  primarily  in  a  noncoherent  mode, 
however,  the  35  GHz  system  can  jlso  operate  coherently  to  gather  data  applicable  to  Mil  analysis 


TABLE  1 
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Sensor  Resolution 

v-/  (HI;  System 

Resolution  Aicii 

3.(i  M: 

<1.9  M* 

I  o.O  M- 


Depression  An  fill' 
75 
30 


a’.i  07/-  System 


Depression  Annie 
75 
30 
i: 


Resolution  .1  / ( ,/ 

IS. 5  M3 
35.7  M3 

28.)  M3  (4M  range  gating) 


4.4  Data  Reduction 

Raw  data  collected  in  t lie  held  will  be  processed  to  reduced  form  and  put  in  a  computerized  data  base  at  l-.glm  Al  lt 
lor  use  by  (iovernmcntul  and  Dob  conductor  personnel.  Reduced  data  is  defined  as  scale  o,  calibrated  data  which  outside 
developers  can  use  with  Inch  confidence  and  minimum  data  explanation. 

In  ordci  to  ensure  the  qualit)  of  the  data,  a  fairly  extensive  set  of  data  cheeks  and  calibration  procedures  have  been 
established.  During  the  data  collection  flights  and  immediately  alter  each  flight  (post-flight),  quick-look  data  analysis  will 
be  accomplished.  Data  monitoring  equipment  will  be  employed  on  the  aircraft  for  real  time  monitoring  of  the  digitally 
recorded  heavier  records,  system  noise  measurements,  apparent  sigoal-lo-noisc  ratio,  and  the  quality  of  the  mcnsurmcnl 
slat  a. 


I  lie  radar  c  ilibralion  approach  calls  for  both  sensor  and  in-scene  calibration.  Each  channel  (amplitude  and  phase, 
for  each  polarization)  will  be  calibrated  prior  to  and  after  each  mission.  This  will  be  accomplished  by  recording  an 
nitviiial  ivleieiive  signal  and  icluius  from  calibrated  reference  corner  reflectors  placed  in  a  special  array  on  the  flight  Inn- 
In  addition  to  the  sensor  calibration,  additional  aids  will  be  piovidcd  in  the  scene  for  data  calibration.  To  serve  this 
purpose  ,iu  army  nl  cnlihiation  corner  reflectors  will  be  placed  just  before  and, or  alter  the  data  collection  ground  scene. 

I  his  array  includes  2‘>  reflectors  with  live  different  KC'S  values.  It  is  expected  that  processing  ol  the  m-sccne  reference 
array  data,  combined  with  the  pre-  and  post-flight  calibration,  w  ill  result  in  absolute  measurement  data  accuracy  of  better 
than  t  3  d If 

Due  to  airerall  motion,  the  spatial  distribution  ol  the  data  is  skewed  Using  inertial  information  from  the  on-board 
inertial  nav  igr.it to n  system,  and  m-sscnc  optical  bench  math  data,  the  digital  background  measurement  data  will  be 
corrected . 

All  of  I  lie  -hitter  data  will  he  airily  zed  before  il  is  cataloged  to  produce,  in  addition  to  clutter  maps,  the  mean  and 
variance  ol  the  spatial  and  temporal  clutter  distributions,  and  the  spjtial  correlation  function  These  parameters  will  he 
computed  lor  each  idcntiliahlc.  homogeneous  subarea  in  the  clutter  array.  There  will  be  a  data  set  generated  for  eaelt 
frequency,  depression  angle,  polarization,  and  scene  type  These  analyzed  data  will  be  entered  into  the  data  base. 

4.5  Measurements  Data  Base 

To  organize  and  make  available  to  the  user  community  the  MMW  target  and  background  signature  measurement 
data.  Al  A  11  is  developing  a  computerized  data  base.  Currently  tile  data  base  exists  for  infrared  (IK)  data  and  is 
currently  being  expanded  to  include  MMW  data.  The  Target  and  Background  Information  Library  System  (TABILS) 
is  a  computerized  directory  allowing  otlici  Services.  DoD  Agencies  and  contractor  personnel  requiring  MMW  or  IK 
measurement  data  access  to  the  Ah  A  I  L  data  base.  The  TABILS  directory  system  allows  easy  identification  of  specific 
unique  data  by  the  user  Measurement  data  can  be  identified  hy  target  or  background  type,  frequency,  polarization,  data 
bandwidth  .  seasonal  or  meteorological  cli  iractei  istics.  1  Ins  directory  is  accessible  through  remote  computer  terminal  to 
the  I  glin  Al  I)  M.ilii  l.alioratory  Alter  required  data  have  been  ulentihcd  through  I  ARILS.  users  request  the  desired 
data  \  digital  tape  will  then  he  generated  and  cent  to  the  requester. 

5.0  SUMMARY 

I  he  An  l-oice  Ann.mienl  I  ahoralory  has  sponsored  the  development  ol  MMW  seekei,  target  and  terrain  models. 

I  Ik  vc  .iii.ilyhc.ii  Minis  ale  being  u-cd  to  evaluate  current  and  future  seeker  system  designs  I  ir  the  purpose  ol  advancing 
MMW  Ivcliirilog.  in  the  area  ol  antiarinor  applications.  The  Key  to  flexible,  rv.ilistie  simulations  arv  accurate  statistical 
duller  l-ack watte i  models  Based  on  qualitative  vv ork  assoinolisiied  to  dale,  il  appears  that  the  spali.il  cumulative  density 
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function  fits  a  log-normal  distribution.  Tito  spatial  correlation  function  has  a  1/f  spectrum  for  an  azimuth  slice  of  the 
data,  but  qualitatively  this  does  not  appear  to  be  a  good  assumption  for  a  corresponding  range  slice.  1  he  data  which  will 
be  available  over  the  next  year  from  the  terrain  background  signature  measurements  program  will  greatly  facilitate  the 
development  of  realistic  terrain  models. 
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